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A Generation
"I was given dark eyes by the dark night,
Yet I use them to search for light."
Cheng Gu (1956 - 1993)
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A BSTRACT
This research focuses on the design of pattern reconfigurable antennas
and the associated circuitry. The proposed pattern reconfigurable antenna
designs benefit from advantages such as maximum pattern diversity and
optimum switching circuits to realise 5G reconfigurable antennas.
Whereas MIMO based solutions can provide increased channel
capacity, they demand high computational capability and power
consumption due to multiple channel processing. This prevents their use
in many applications most notably in the Internet of Things where power
consumption is of key importance.
A switched-beam diversity allows an energy-efficient solution
improving the link budget even for small low-cost battery operated
IoT/sensor network applications.
The main focus of the antenna
reconfiguration in this work is for switched-beam diversity.
The fundamental switching elements are discussed including basic
PIN diode circuits. Techniques to switch the antenna element in the feed
or shorting the antenna element to the ground plane are presented.
A back-to-back microstrip patch antenna with two hemispherical
switchable patterns is proposed. The patch elements on a common
ground plane, are switched with a single-pole double-throw PIN diode
circuit. Switching the feed selects either of two identical oppositely
oriented radiation patterns for maximum diversity in one plane. The
identical design of the antenna elements provides similar performance
control of frequency and radiation pattern in different states. This antenna
provides a simple solution to cross-layer PIN diode circuit designs. A
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mirrored structure study provides an understanding of performance
control for different switching states.
A printed inverted-F antenna is presented for monopole
reconfigurable antenna design. The proposed low-profile antenna consists
of one main radiator and one parasitic element. By shorting the parasitic
element to the ground plane using only one PIN diode, the antenna is
capable of switching both the pattern and polarisation across the full
bandwidth. The switched orthogonal pattern provides the maximum
spatial pattern diversity and is realised using a simple structure.
Then, a dual-stub coplanar Vivaldi antenna with a parasitic element is
presented for the 5G mm-Wave band. The use of a dual-stub coupled
between the parasitic element and two tapered slots is researched. The
parasitic element shape and size is optimised to increase the realised gain.
A bandpass coupled line filter is used for frequency selective features. The
use of slits on the outer edge of the ground plane provides a greater
maximum gain. This integrated filtenna offers lower insertion loss than
the commercial DC blocks. The UWB antenna with an integrated filter can
be used for harmonic suppression. The influence of the integrated filter
circuit close to the antenna geometry informs the design of PIN diode
circuit switching and power supply in the 5G band.
Based on the filter design in the mm-Wave band, a method of
designing a feasible DC power supply for the PIN diode in the mm-Wave
band is studied. A printed Yagi-Uda antenna array is integrated with
switching circuitry to realise a switched 180° hemispheres radiation
pattern. The antenna realises a maximum diversity in one plane. The
study offers the possibility to use PIN diodes in the mm-Wave band for
reconfigurable antenna designs.
For the presented antennas, key geometric parameters are discussed
for improved understanding of the trade-offs in radiation
pattern/beamwidth and gain control for reconfigurable antenna
applications.
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coordinates in a cartesian coordinate sytem
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1. I NTRODUCTION
1.1. Chapter Introduction
The research focuses on the design of pattern reconfigurable antennas
and the associated circuitry. In this chapter, the background fundamentals
and design motivations are introduced. Various reconfigurable antenna
types and applications are discussed. An overview of reported strategies
to reconfigure antennas is presented. The underlying research problems
are defined.

1.2. Background and Motivation
Antenna diversity is introduced to improve radio communication and
can be more advantageous than MIMO solutions in certain applications.
Although MIMO can improve channel capacity, it requires additional
computational resources, additional receivers and significantly more
power consumption and costs. This eliminates it as a candidate for
low-power applications such as sensor networks and IoT which are
normally battery operated [1].
Normal antenna designs consider characteristics such as radiation
pattern, frequency and polarisation. With multipath and signal fading,
antennas with fixed characteristics and positions can be limited in
providing reliable radio-links [2]. Especially, in complex urban or indoor
environments, the received signal can be in anti-phase causing signal
degradation or cancellation, or the polarisation can change introducing
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polarization mismatch losses, which can be significant.
The reconfigurable antenna is defined in IEEE standards as ’An
antenna capable of changing its performance characteristics (resonant
frequency, radiation pattern, polarisation, etc) by mechanically or
electrically changing its architecture’ [3]. A reconfigurable antenna can be
applied in a multi-state system to realise the antenna diversity. By
changing the states, the system can control radiation patterns, frequencies
and polarisations individually or combined for different antenna
requirements. In other words, using a reconfigurable antenna offers
multi-function in one antenna structure which improves the integration
and compactness of the system.
It should be mentioned, for MIMO antennas, the cooperative diversity
channel improves the signal to noise ratio (SNR) and channel capacity [4].
The purpose of the diversities created by reconfigurable antennas is to
ensure the maximum chance of transmitting and receiving a signal.

1.3. Types of Reconfigurable Antennas and
Applications
As mentioned above, a reconfigurable antenna normally alters the
radiation patterns, frequencies and/or polarisations. There are some
designs which use compound configurations.
In general, the
reconfigurability is realised by switching the current distribution in the
antenna structure.

1.3.1. Frequency Reconfigurable Antennas
A frequency reconfigurable antenna is normally designed by
changing the electrical length of the resonator. Based on the today’s RF
spectrum for the mobile terminals, the smart devices would need to cover
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LTE 700 / GSM 850/900 and GSM 1800/1900 / UMTS 2100/
LTE 2300/2500 not to mention GPS L1/L2 and WiFi 2.4 GHz/ 5 GHz and
so on. Frequency reconfigurable design with multi-band coverage has
good potential to miniaturise the total antenna size rather than having
separate antennas.
Mobile terminals are the main application for
frequency reconfigurable antennas.
For example, an eight-band frequency reconfigurable antenna was
reported for a compact design on a practical tablet computer [5]. Other
applications using frequency reconfigurable antenna were reported, such
as for cognitive radio [6] and for out-of-band interference rejection [7].

1.3.2. Polarisation Reconfigurable Antennas
In theory, transmission between a circularly-polarised antenna and a
linearly-polarised antenna results in a 3 dB reduction of power. A
vertically-polarised
antenna
is
well
isolated
from
the
horizontally-polarised antenna, with polarization discrimination ranging
from 15 dB to 45 dB, depending on the antenna type. This is called
polarisation mismatch [8].
Introducing polarisation reconfigurable
antennas can reduce the mismatch in a line-of-sight (LOS) path. When in
the non-LOS cases, polarisation reconfigurability offers an improved link
budget and radio link performance [9].
Reported in [10], two orthogonal linear polarisations were switched
using a microstrip square loop structure. A monopole design in [11] was
capable of switching between linear, left-handed and right-handed circular
polarisation. The applications as mentioned are mainly used in satellite
systems and indoor applications with the multi-path environment.
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1.3.3. Pattern Reconfigurable Antennas
The advantages of a switched pattern antenna include greater pattern
coverage with the reconfigurable structure and multiple directional
transmissions with asynchronous switches.
For distributed WLAN
networks, spectrum efficiencies can be enhanced using dynamic antenna
performances that can adapt to varying priorities. Pattern reconfigurable
antennas are realised using multiple techniques which are discussed
below with example applications.
Parasitic elements can be switched on and off to change the pattern
performance. A wideband pattern reconfigurable antenna was reported
for vital sign detection [12] with a switched 80° beam difference. A
rotational beam was realised using a circular metasurface reflector [13]. A
method of switching one of the antenna elements was presented in [14].
Another method using a reconfigurable power divider circuit was
researched with dual antenna structure [15].
Depending on the application, a pattern reconfigurable antenna offers
increased pattern coverage using multiple antenna elements, aimed at
improving channel capacity for applications in communications or
sensing.
In general, compared to a multiple-input and multiple-output
(MIMO) system, a pattern reconfigurable antenna can realise pattern
diversity with one antenna port. In MIMO design, antenna diversity is
also required between the antenna ports. The MIMO antenna is used to
improve the channel capacity. However, pattern reconfigurable antennas
provide pattern diversity to ensure the transmission link is established.
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1.3.4. Combined Feature Reconfigurable Antennas
Several designs report multiple antenna characteristics configuration.
In [16], a pattern and polarisation reconfigurable antenna was realised
using two orthogonally positioned strips. In general, these compound
antenna designs were presented with specific design specifications [17].

1.4. Advantages and Disadvantages of
Electronically Switched Antennas
Electronically reconfigurable designs have certain advantages and
disadvantages, as discussed below.
Obviously, the multi-functional
antenna can provide diversities suitable for the purpose of establishing
the radio channel. Also, it has the ability to support several wireless
standards [18]. Moreover, the integrated antenna can be designed using a
smaller size compared to non-reconfigurable antenna designs. On the
other hand, the reconfigurable antennas have the potential to be
embedded with RF front-end designs. Using the electronic switch is a
low-cost solution to realising reconfigurable antennas.
Unavoidably, introducing extra circuit elements add losses to the
system. Depending on the complexity of the design, the DC power circuit
needs to be designed with minimum influence on the antenna radiating
feature. Last but most importantly, when using the electronic switches,
normally the switch introduces a certain capacitance or inductance to the
impedance, where rematching to 50 Ω is needed.
For mechanically switched antennas, extra components are required,
such as an electronic pump or motor, which introduces complexities to the
design and is not optimum for reconfigurable antenna designs.
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1.5. Overview of Reconfigurable Antenna
Techniques
1.5.1. Mechanical Methods
Reconfigurable antenna designs can be achieved with mechanical
methods or electronic switches. Research reported on reconfigurability
using structure changes [19], frequency sweeping by loading different
thickness of water [20]; pattern steering using liquid materials with
pumps [21]; selecting patterns mechanically using metasurface
rotation [13] and multiple scanning beams with a rollable antenna with
motor control [22].

1.5.2. Electronic Switches
Reconfigurability can be achieved with a variety of switching
technologies,
including photo-conducting silicon [23],
varactor
diodes [24], PIN diodes [25] or RF MEMS [6] according to the required
balance of complexity, performance and cost.
A detailed comparison using those switches was given in [26]. The RF
MEMS uses a large DC voltage from 20 V to 100 V with low power
consumption. The PIN diodes provide a low-cost solution with low DC
voltage requirements.
The varactor diodes introduce relative large
capacitance to the circuit, they are not suitable for above 10 GHz designs.

1.6. The Figure-of-merits for Pattern Diversity
Most of the work in pattern reconfigurable antennas report switched
angles in a certain plane as a figure–of–merit. Particularly, other than the
main lobe angle, it is hard to evaluate the pattern diversity in terms of the
whole radiation pattern performance, when the beam steering angles are
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not in the regular Cartesian (X, Y, Z) or spherical (θ, ϕ) coordinate
directions [25, 27, 28].
Although the MIMO antennas and pattern reconfigurable antennas
are designed with different purposes, they share the same concept of
creating pattern diversity. Therefore, the figure-of-merits from the MIMO
system is cross-referenced. The envelope correlation coefficient ρ (ECC)
was introduced to describe the antenna radiation diversity in
multiple-input and multiple-output (MIMO) systems [29–31]. The ECC
based on the radiation pattern in MIMO is calculated using the
Equation (1.1):

~1 (θ, φ) · F
~2 (θ, φ) d Ω|2
[F
ρe = RR
RR
~1 (θ, φ)|2 d Ω | F
~2 (θ, φ)|2 d Ω
|F

|

RR

(1.1)

where ~
Fk is the kth radiated field of the two considered antenna ports, Ω is the
solid angle, θ is the elevation angle, φ is the azimuthal angle
As clearly shown in the equation, if defining the two ports to be two
configurations in the reconfigurable antenna field, ECC can be used to
describe a two-switching-state of a pattern reconfigurable antenna. The
drawback of this figure-of-merit is also clear that it can only describe a
discreet-state pattern reconfigurable antenna. For example, it is not
suitable to quantify a continuous sweeping beam reconfigurable antenna.
However, in this research, most of the antennas are two-state switching
designs, therefore the ECCs are calculated and reported.
In [32], the author proposed a new figure-of-merits particularly for
pattern reconfigurable antennas based on the average realised gain GR .
An equivalent number of configurations Neq was calculated in
Equation (1.2).
ZZ
1
max GRi (θ, φ) d Ω
(1.2)
Neq =
4π
Ω i =1...N
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where Ω is the solid angle, θ is the elevation angle, φ is the azimuthal angle,
i indicates the ith configurations
The proposed figure-of-merit considered the multiple (more than two)
states reconfigurable antenna designs, and summarised the pattern
reconfigurability to one index number. Thus, comparison of pattern
diversity in a different number of configurations becomes possible. The
disadvantage was obvious that the pattern reconfigurable antennas are
highly application driven. It is still impossible to conclude a higher Neq
design is equivalent to "a better design". For example, in [32], the author
calculated the Neq of the antenna design in [33] which offered a sweeping
angle from -45° to +45° to be Neq = 2.41 due to high side-lobe. However, a
full circular pattern coverage liquid metal antenna in [21] only has a
Neq = 2.04 due to the pattern overlapping.
As a result, most of the work in this research uses the switched angle
and half-power beamwidth to report the pattern reconfigurability. The
ECCs of the reconfigurable antennas are provided to quantify the
diversity with the clarification and comparison to similar works. It should
be noted that the ECC is provided to quantify the switched beam
diversity, however, unlike the MIMO antennas, the switched patterns are
not working simultaneously.

1.7. Challenges for Pattern Reconfigurable
Antenna Designs
1.7.1. Controlled Pattern Antenna Performance
The design challenge for pattern reconfigurable antennas is to realise
the beam switching capability using simple switching circuits, an antenna
array or parasitic elements while providing good pattern diversity.
A switching scheme was discussed in a slot-patch-ring structure using
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PIN diodes [28], but poor control of the resonant frequency was observed
between switched states. Oblique beam angles were non-optimum due to
the asymmetric structure. Alternatively, a spherical pattern was realised
using three orthogonal dipoles centred on a metal sphere [34] but with a
low gain of -3 dBi. This research focused on optimising frequency control
as well as realising maximum switched pattern diversity using printed
planer antennas.
The literature shows that it was difficult to achieve good pattern
reconfigurable diversity using printed antennas with low profile
structures [12, 16, 25, 35]. Particularly, it was challenging to design a
pattern reconfigurable antenna that realises beam switching in more than
one plane. In this research, the design focuses on the maximum pattern
diversity in the 2D or the 3D directions.

1.7.2. The mmWave Frequency band Circuit Design
Cx
RD

Cp

C

Ls

Rs

Cp

Cp

L

Rx

Cp

(a) The circuit model for capacitors (b) The circuit model for inductors
Figure 1.1. The equivalent circuit model for lumped components

Increasingly fewer lumped components are applied to higher
frequency circuit designs. Real circuit capacitor and inductor models are
presented in Figure 1.1.
The RF components have self-resonance
frequencies ( f SR ) at which residual inductance equals its own
capacitance [36]. That is to say, the inductor starts to act as a capacitor at
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the frequencies above f SR .
f SR =

1
p
2π ( LC )

(1.3)

Figure 1.2. A typical 0603 SMT capacitor self-resonance frequency example [37]

It should be noted that the self-resonant frequency is also dependent
on the substrate, soldering pad dimensions, and measurement
method [38]. Figure 1.2 indicates that it is common to apply lumped
components at UHF and lower frequencies. Although the de-embedding
method can be used to characterise the lumped component as a two-port
network [39] to build an accurate simulation model in the software. At
millimetre wave frequencies, the reactive elements needed for matching
networks and resonators become increasingly small, requiring inductance
values of 50–250 pH [40], [41]. Therefore, transmission lines instead of RF
lumped components are more widely used for mm-Wave designs.
In the mm-Wave bands, some reconfigurable antennas were designed
using RF-MEMS [42–44]. The performance of the MEMS and other
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semiconductor switches were evaluated in [45] using the switch ratio
R (dB):
R = S12 (When OFF ) − S12 (When ON )
(1.4)
The MEMS devices on the market had a 30 dB ratio better than any other
switch technology. As stated in [46], the PIN diode was a low cost and
commercially available solution to switch below 100 GHz. Therefore, a
feasibility study of the integrated switch design using a PIN diode was
carried out in the mm-Wave band in this research. A new approach to
design the power supply circuit combined with DC blocks using the PIN
diode was provided. It filled in the blanks of PIN diode pattern
reconfigurable handset antenna designs in the mm-Wave band.

1.7.3. PIN Diode Simulation
In the design of the antenna, CST EM microwave simulation is
used [47]. However, only the equivalent circuit model (i.e. resistance,
capacitance and inductance) could be built in the EM simulation.
Therefore, two ways of simulation were suggested by CST eSeminar [48].
The first solution is to simulate the PIN diode ideal circuit model with the
lumped component in the EM simulation1 . The drawback might be
unpredictable and unknown component value change occurs over a
frequency band. The first solution was deployed to simulate UHF antenna
designs. As a result, the measurement results were similar to the
simulation results. The second method was to simulate the PIN diode onand off-states as pairs of two-port S-parameter files. The two legs of a PIN
diode connection on the antenna structure are considered two ports.
Combined simulation with EM and DC circuit control was carried out in
the schematic sheet in the software. Therefore, at least two simulations for
one antenna design were required (on and off states assuming one PIN
1 The

latest 2018 version of the software provides the SPICE models (if provided by the
supplier) importation to the 3D EM simulation which could benefit the later research.
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diode was used). This would increase the difficulty to optimise the
antenna. The parametric study should be considered in both simulations.
In this research, the second method was applied to design antennas in the
mm-Wave band. The measurement results also shown good agreements
with the simulation ones.

1.8. Objective of the Research
In this research, pattern reconfigurable antenna designs are
investigated using PIN diode switches. Different types of the antenna are
investigated with the purpose of defining the advantages and limitations
to use the PIN diode switching circuit. This research mainly focuses on
basic single pattern reconfigurable antenna designs with integrated
circuits to achieve maximum pattern diversity. Meanwhile, good radiating
performance control of frequency and radiation pattern in different states
should be discussed. The structure of the antennas is designed with
consideration of the PIN diode circuit placement. Even in some designs,
antenna parameters are changed to compromise for the PIN diode
influence to the performance. The research is carried out in the UHF band
and extended to 5G bands, realising a feasible power circuit design in the
mm-Wave band for PIN diodes.

1.9. Research Methodology
The research methodology is shown in Figure 1.3. A design idea
normally started with a basic antenna structure (i.e. a microstrip patch
antenna or a PIFA antenna). The idea was firstly evaluated in the
literature. This literature review also helped to finalise the design idea.
The simulation model was built using EM software CST Microwave
Studio. A parametric study was done to help to improve the antenna
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Figure 1.3. Flow diagram of the antenna research methodology

performance.
If the simulated antenna achieved the expected
specification, it was prototyped using the LPKF Proto Mat C60 milling
machine [49] where the metallization and via hole drilling were
processed. Circuits were soldered after the antenna board fabrication
using a soldering station [50].
The manufactured prototype was measured using a Rohde & Schwarz
ZVA-40 Vector Network Analyser [51] for reflection and where applicable,
transmission coefficients. The radiation pattern was measured in a
semi-anechoic chamber, operated by the DIT Antenna & High-Frequency
Research Centre (AHFR). Depending on the frequency, the Schwarzbeck
BBHA 9120 D [52] and 9170 [53] standard gain horn antennas were used
to measure the antenna under test (AUT) on a turntable. Measured results
were compared with simulated results for improvements and modification
on the design. During this phase, a few iterations of prototypes were
made and measured, identification of the possible difference between the
13
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simulated and measured structure was attempted (i.e.
tin/paste used for soldering RF component).

the soldering

1.10. The Organisation of the Thesis
Chapter 1 gives a general introduction and motivations to design a
reconfigurable antenna. A review of the literature and application is
presented. The objectives with regards to this research project are given.
In Chapter 2, fundamental knowledge of the antenna circuitry is
explained and related designs, for example, matching circuits and rectifier
circuits are illustrated.
Chapter 3 contains a discussion on the back-to-back microstrip patch
antenna and a discussion on the switching circuit influences on the
antenna.
A Printed inverted-F antenna design at 2.4 GHz is given in Chapter 4.
Pattern and polarisation reconfigurability is simultaneously realised using
only one PIN diode.
In Chapter 5, the initial design trial in the mm-Wave band is
presented. A Vivaldi antenna with bandpass filter is researched. Methods
to improve the antenna gain and performance are discussed.
Chapter 6 presents a new approach of the PIN diode power circuit
design, based on the filter design. A reconfigurable Yagi-Uda antenna
array at 24 GHz is designed with a switched 180° hemisphere patterns.
Chapter 7 concludes the thesis and propose the further research
possibility.
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2.1. Background
Different antenna related circuits can be required for a multiplicity of
purposes. For example, matching circuits minimise signal reflections and
enhance impedance bandwidth, rectifier circuits generate DC voltage
outputs, and switching circuits enable reconfigurable antennas. In this
section, the antenna circuitry is researched and the several designs are
presented.
Two varactor diodes were used in a frequency reconfigurable antenna
for mobile handsets [54].
The specific absorption rate (SAR) was
simulated according to different capacitance versus frequency.
The
capacitance varied from 0.1 pF to 3.6 pF resulted in the SAR changing
from 0.23 to 0.64 (W/kg)
The matching network is normally used to match the antenna source
to the antenna structure which is a non-50 Ω interface [8]. Capacitors and
inductors are used as matching components to improve the antenna
matching, particularly in lower frequency bands such as FM and VHF
band. In [55], the impedance bandwidth was increased from 6.3 MHz to
31.5 MHz using a five-element π-network. In this research, the RF
components, combined with the antenna structures were studied.
Schottky diodes are used to design the rectifier circuit for RF energy
harvesting [9]. In this chapter, a differential-fed rectifier circuit [56] and a
cascade rectifier circuit [57] are introduced.
A PIN diode is used as an RF switch circuit design [58]. A monopole
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polarisation reconfigurable printed monopole antenna was proposed for
wireless applications [11]. Conducting strips are used to connect to the
ground plane providing the necessary additional modes for circular
polarisation.
Linear polarisation, right-hand or left-hand circular
polarisation can be realised using only two PIN diodes. The PIN diode
circuit design is presented in this section.

2.2. Examples of Antenna Circuitries
2.2.1. Antenna Feed Matching Circuits
Discrete components and microstrip transmission lines are used as
matching networks in RF design [58]. Particularly, discrete components
benefit from their size and are used for compact antenna designs in the
UHF bands. While the microstrip line lengths (i.e open short stub
matching) depend on the working frequency, they are widely used in
millimetre wave or higher frequencies. Lumped components can be
allocated between the antenna feed and the source. This way, the antenna
structure is isolated from the matching circuit. One of the advantages of
impedance matching is that it improves the antenna bandwidth [59].

Figure 2.1. Optimised matching circuits in the antenna feed
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Figure 2.2. Dual-band antenna with matching circuits

A dual-band PIFA antenna for portable devices was presented in
Figure 2.2. It operated in the 450 LTE and GSM 900 frequency bands [60].
In this design, it was found that changing the antenna parameters
contributed minor to bandwidth and matching for both working
frequencies.
Therefore, using the lumped components to optimise
simultaneously was considered.
A four-element matching network circuit was designed at the antenna
source (shown in Figure 2.1) to improve the antenna matching. The
component values and layout of the circuit was demonstrated in the
figure. The S11 comparison was shown in Figure 2.3. The simulated −6 dB
impedance bandwidth for the first resonance without and with the
matching network was 5.4 MHz and 11.7 MHz, respectively (improved by
116%). For the second resonance, the impedance was matched from
−9.5 dB to −20.5 dB by the network.
When using the matching circuits, the efficiency of the design should
be considered. The measurements were performed using the Wheeler cap
method using a metallic box of 610 × 610 × 360 mm3 . The measured and
simulated results were in a good agreement and are listed in Table 2.1. As
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Figure 2.3. Simulated S11 results for different configurations

stated in [61], the efficiencies were considerably higher than similar works.
Table 2.1. Summary of measured and simulated antenna efficiencies

Freq. (MHz)
454
900

Radiation Efficiency (%) Total Efficiency (%)
Measured Simulated Measured Simulated
17.3
50.5

16.5
57.4

17
50

16
56

2.2.2. Matching Component within the Antenna Structure
Another way of the designing the matching component is to locate
the circuit within the antenna structure. This requires the understanding
of the antenna structure. In other words, the position of the matching
component is optimised for the S11 result as shown in [62]. A dual-band
18
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antenna was designed in Figure 2.4. The antenna operated at 433 MHz
with a −10 dB impedance bandwidth of 21 MHz (414 - 435 MHz). For
the second resonant frequency, the antenna resonated at 973 MHz with a
−10 dB impedance bandwidth of 243 MHz (879 - 1122 MHz). The capacitor
(in red) was located at one of the shorting points of the PIFA structure
(Via 2).

Figure 2.4. Capacitor designed in the antenna structure
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Capacitor
Inductor

− j Xc = − j

1
Ω
2π f C

(2.1)

j Xl = j 2π f L Ω

The reactance of a capacitor and an inductor
Equation (2.1) and (2.2).
For lower frequency
XC1 = 3.67 Ω; For higher frequency f 2 = 973 MHz,
capacitor value was chosen with the purpose to
frequency matching mainly.

(2.2)
is calculated as in
f 1 = 433 MHz,
XC2 = 1.63 Ω. The
improve the lower

Figure 2.5. Simulated S11 results with and without the capacitor

The simulated S11 results with and without the capacitor were shown
in Figure 2.5.
Adding a shunt capacitor improved the impedance
matching at the lower working frequency significantly. A parametric
study was carried out to the obtain the optimum value of the proposed
position of the capacitor h_stub. Presented in Figure 2.6, the results clearly
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Figure 2.6. S11 results for various positions of the capacitor

showed that the position of the capacitor effectively controlled the
impedance matching and resonant frequency of both frequencies. The
optimum value of h_stub = 25.5 mm was chosen for the best antenna
performance.
As a summary, antenna matching is used to improve the antenna S11
response. The circuit can be located at the antenna feed or embedded into
the antenna structure. The efficiency should be examined for antenna
performance.

2.2.3. Antenna Rectifier Circuits
Rectifier circuit has been used for RF energy harvesting. From RF
(AC) signal inputs, a DC output is obtained after a certain time. A
Schottky diode is used to design an RF rectifier circuit [9]. For RF
harvesting design, one of the key challenges is to improve the conversion
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efficiency and to stabilise the reception of energy through the rectenna.
Therefore, two approaches of the designs are introduced in this section.

Figure 2.7. The antenna combined with the bandpass filter and rectifier prototype

As presented in Figure 2.7, the antenna [56] contained two substrates
sandwiched by two identical microstrip patches; the ground plane was the
centre layer between two substrates. The antenna was omnidirectional
right-hand circularly-polarised, the simulated axial ratio (AR) at 2.45 GHz
is presented in Figure 2.8. Based on the simulated axial ratio with a
180° phase differential network, it had 32 MHz bandwidth between
2.44 GHz and 2.472 GHz.

Figure 2.8. The simulated axial ratio at 2.45 GHz
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(a) Bandpass filter design

(b) The simulated S-parameters for
the bandpass filter

Figure 2.9. A bandpass filter design

Figure 2.10. Differential-fed rectifier circuit diagram

A bandpass filter (BPF) in Figure 2.9a was introduced to restrict the
higher harmonic component; the bandpass filter was designed using
microstrip lines. The simulated S-parameters were shown in Figure 2.9b.
The working frequencies were between 2.2 GHz and 4.5 GHz. A
differentially-fed rectifier was designed to connect to the bandpass filter.
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The rectifier circuit diagram is shown in Figure 2.10. The Schottky diode
HSMS-268C [63] was used, where the load was C = 100 pF, R = 1500 Ω.
The Power of the circuit only was calculated using Equation (2.3). Where
Vout and Rload , were the output voltage and load resistance. The rectifier
circuit RF-to-DC conversion efficiency was measured using a signal
generator (Pin = 10 dBm) directly connect to a power divider and to the
circuit. The results were presented in Table 2.2.
η=

2
Vout
/P
Rload in

(2.3)

Table 2.2. Differentially-fed rectifier circuit efficiency
Frequency(MHz)

Vout (V)

η

2000

1.46

14.2%

2100

2.04

27.7%

2200

1.58

16.6%

2250

1.60

17.1%

2300

1.61

17.3%

2350

2.38

37.8%

2400

2.25

33.8%

2450

3.38

76.2%

2500

3.18

67.4%

2550

1.86

23.1%

2600

1.19

9.4%

2700

1.08

7.8%

2800

0.69

3.2%
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Figure 2.11. The measurement setup block diagram

Figure 2.12. The measured output DC voltage

The energy harvest test setup was shown in Figure 2.11, and the
measured results were presented in Figure 2.12. When the source power
was 14 dBm, and the horn gain was 11.8 dBi, the measured output voltage
was 255 mV at 2.40 GHz.
The second example of the energy harvest design was using a solar
panel as the ground plane to design a wideband Vivaldi antenna, shown
in Figure 2.13. The ground plane of the antenna was made by a series of 5
pairs of 400 nm thick a-Si layer on an FR-4 substrate. The detailed antenna
design and manufacture techniques were presented in [64]. The antenna
bandwidth was 0.938 to 2.5 GHz. the measured solar antenna gain was
0.04 dBi at 0.95 GHz, 3.91 dBi at 1.87 GHz and 5.28 dBi at 2.45 GHz.
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Figure 2.13. Solar Vivaldi antenna top and bottom view

Figure 2.14. Villard cascade voltage multiplier circuit

In this design, a cascaded rectifier circuit was used to increase the
power output. An 8-stage Villard cascade voltage rectifier circuit was
designed to test the energy scavenging potential of the solar Vivaldi. The
cascade circuit configuration was shown in Figure 2.14, where C = 100 pF,
R1 = 10 MΩ and D was a Schottky diode HSMS-268C [63] (The same as
previous work). The 100 pF storage capacitor and the 10 MΩ load were
chosen to ensure quick charge and discharge during testing. The test
setup was presented in Figure 2.15. The system was measured between
the signal generator and the horn, giving a gain of 31 dB at 950 MHz,
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Figure 2.15. Rectenna measurement setup

32 dB at 1.87 GHz and 31 dB at 2.45 GHz from the amplifier. The horn
antenna gain was 9.6 dBi at 950 MHz, 10.8 dBi at 1.87 GHz and 12.4 dBi at
2.45 GHz.
The voltage rectifier output was measured in an anechoic chamber to
minimise reflection, and the power density PR at the receive antenna was
calculated using Friis Equation (2.4), the results are shown in Table 2.3.
PR =

PT GT GR (λ)2
µW/cm2
2
(4πR)

(2.4)

An incident power density of 1.6 µW/cm2 at 950 MHz, 2.7 µW/cm2
at 1.87 GHz or 17.4 µW/cm2 at 2.45 GHz the rectenna could exceed the
1.8 V and 132 nW required for a typical microcontroller [65] to maintain
deep sleep mode.
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Table 2.3. Measured DC output for different signal generator power

−20 dBm
−17.5 dBm
−15 dBm
Freq.
PD
Volt
PD
Volt
PD
Volt
2
2
2
(GHz) (µW/cm )
(V)
( µW/cm )
(V)
(µW/cm )
(V)
1.25 V
2.09 V
3.25 V
0.95
0.9
1.6
2.9
(0.16 µW )
(0.44 µW )
(1.06 µW )
1.22 V
2.01 V
2.92 V
1.87
1.5
2.7
4.8
(0.15 µW )
(0.40 µW )
(0.85 µW )
0.51 V
0.83 V
1.27 V
2.45
1.7
3.1
5.5
(0.03 µW )
(0.06 µW )
(0.16 µW )
−12.5 dBm
−10 dBm
Freq.
PD
Volt
PD
Volt
(GHz) (µW/cm2 )
(V)
(µW/cm2 )
(V)
4.56 V
5.53 V
0.95
5.1
9.1
(2.08 µW )
(3.06 µW )
3.97 V
4.78 V
1.87
8.5
15.2
(1.57 µW )
2.28 µW )
1.73 V
2.06 V
2.45
9.8
17.4
(0.30 µW )
(0.42 µW )
Compare the two approaches above, using the differential-fed rectifier
circuit with omnidirectional circularly-polarised antenna offers harvest
energy in a random RF ambient environment. While using a multi-stage
rectifier circuit with a directional wideband solar panel generates higher
DC voltage output.
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2.3. PIN Diode Circuits

Figure 2.16. PIN diode ideal model in the simulation, (a) diode on state, (b) diode
off state

In this research, the PIN diode was mainly used to design switching
circuits for pattern reconfigurable antenna designs. Two different PIN
diodes were chosen for UHF and Ka -band to design switch circuits.
Discussion and design details are presented in each individual antenna
design in later chapters. In this section, the basic function of the PIN
diode is discussed. An example of using the PIN diode for polarisation
reconfigurable antenna design is given.
PIN diode is named after its structure: there is an undoped intrinsic
semiconductor region between the normal p-n junction of a diode [66].
The behaviour is explained using a Skyworks SMP1320-011LF PIN
diode [67] as an example in UHF frequency. The simulated circuit models
are shown in Figure 2.16. It should be noted that the circuit models of the
PIN diodes may vary in the value of the components and also depend on
the working frequencies. When the PIN diode is switched on, it acts as a
small resistor Rs with a serial inductor Ls . when switched off, it isolates
the RF signal with a reverse capacitance Cr (large reactance as calculated
from Equation (2.1)) and large reverse resistor Rr .
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(a) series SPST switch

(b) shunt SPST switch

Figure 2.17. Single PIN connection

The
single
PIN
diode
can
be
used
to
design
a
single-pole-single-throw (SPST) circuit. Series and shunt configuration of
the PIN diode is presented in Figure 2.17. RF chokes are used to block the
RF signal from getting into the DC circuit to prevent extra losses; DC
blocks are used to isolate the DC signal from getting in the RF path. In (a),
when the diode is forward biased, the RF path is connected with an
insertion loss from the PIN, when the diode is reverse biased (in some
case 0 V is enough), the RF path is off with isolation from the PIN.
However, In (b) when the diode is forward biased, the RF path is shorted
to the ground with an insertion loss from the PIN, when the diode is
reverse biased (or 0 V), the RF path is on with the shunt circuit connected
to the RF path. Both ways are used in RF circuits design [68].
A printed monopole antenna with polarisation reconfiguration for
WLAN applications was proposed. It can provide Linear polarisation (LP)
as well as Right-Handed Circular polarisation (RHCP) or Left-Handed
Circular polarisation (LHCP) configurations using only two PIN diodes.
The CP mechanism was explained in [69] – When the ground plane and
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(a) antenna front and side view

(b) antenna bottom view
and circuit close-up

Figure 2.18. Monopole antenna geometry and circuit close-up

strips were not connected, the induced surface current on the ground
plane horizontal edges and the strips were in phase but oppositely
directed, therefore cancelled, leaving only the vertical surface currents on
the monopole arm and the ground plane current, generating a
linearly-polarised wave. When the ground plane was connected to one of
the strips, the surface current on the ground plane and the strips were
rearranged so that the instantaneous currents on the strips and the ground
plane were in the same direction and formed the horizontal component
needed for CP generation. When the ground plane was connected to the
right strip (Sr ), the antenna realised RHCP in the +Z direction. When
connected to the left strip (Sl ) in a mirrored position, LHCP was achieved
in the same direction with mirrored antenna performance.
In Figure 2.18, the PIN diode circuit was used as a switch to replace
the copper strip p. In this case, the copper strip p enabled a connection
from the strip to the ground plane. Therefore, the circuit in Figure 2.17a
was modified, the second RF choke was left out. The DC ground was
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(a) S11 for the CP & LP configuration (b) the AR for the copper strip vs
PIN diode
Figure 2.19. Copper strip and PIN diode comparison

connected to the RF ground plane. A 1.5 V button battery (SR44) was
used to power the diode. R1 was a current limiter; L1 was an RF choke,
and C1 was a DC block.
In this design, the PIN diode was connected to the ground plane,
thereby minimal insertion loss was introduced. Although the upper strip
worked as the RF ground, C1 needed to be added to remove the DC
potential difference. The replacement of the copper strip p with one PIN
diode in the on-state caused a downward frequency shift in both S11 and
axial ratio (AR) due to the additional serial inductance of the PIN diode as
seen in Figure 2.19. This was adjusted from fine-tuning the antenna
parameters (i.e. the strip length s or PIN position d).
The above discussion is based on using one PIN diode to achieve
reconfigurability in the antenna design. Multiple PIN diodes are also used
to design reconfigurable antennas. For example, two PIN diodes were
used to design a single-pole-double-throw (SPDT) circuit. It can switch
one port on and the other port off. A typical SPDT circuit design is
presented and discussed in Chapter 3.
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2.4. Summary
The fundamental RF circuit designs were introduced, including
matching circuits, rectifier circuits and PIN diode switch circuits.
The matching circuits in the source and in the antenna structure were
presented. They allows matching of compact antenna designs, particularly
when the antenna structure is limited in size (for example the total
dimension is fixed in a mobile terminal). Matching circuits can also be
used for multi-band matching.
The rectifier circuit design using the Schottky diode was introduced
with differential-fed and cascade designs. The power efficiency of the
system is the most concern, omnidirectional CP antenna can be used for
ambient energy harvesting. The solar panel antenna is suitable for fully
powering IoT terminals when in sleep mode and to prolong battery life in
other modes.
The PIN diode circuits are researched for switching the antenna
performance. A single PIN diode design was presented in this chapter for
circularly polarised reconfigurability. The equivalent circuit model was
given, extra inductance was observed when replacing the copper strip
with an actual PIN diode circuit in the design. Therefore, in the later
research, all the designs should be modified considering this extra
inductance. As an example, when the PIN diode is used to connect a strip
to the antenna ground, particularly for monopole antennas, the DC block
and RF choke at the RF output side of the PIN diode can be omitted. This
also minimises the insertion loss from the PIN circuit. More pattern
reconfigurable designs at 2.4 GHz and millimetre-wave frequencies are
discussed in the next few chapters. The antenna designs using the PIN
diode are modified based on individual designs.
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3.1. Motivation
Microstrip antennas have advantages such as low-profile and low
manufacture cost. Using the quarter wave transformer, patch antennas are
easy to be impedance matched within a narrow frequency band [70].
Antenna designs using microstrip patches can realise frequency, pattern
and polarisation reconfigurability with certain switch techniques. A
pattern configurable patch array was reported in [71]. With 4 PIN diode
switching scheme, the antenna was capable of switching the conical beam
in directions ϕ = ±45° and ±135°. A frequency reconfigurable antenna was
presented in [72] with 3 PIN diodes to configure 3 frequency bands.
In [73], a polarisation reconfigurable microstrip antenna using 2 PIN
diodes was reported. The antenna was capable of switching LHCP, RHCP
and linear polarisation.
This type of antenna was chosen to design a narrow band pattern
reconfigurable antenna with frequency and polarisation control.
A
switched hemispherical patterns can be easily realised using a
back-to-back microstrip patches structure by switching only one of the
patch elements on and off.
In the following sections, a back-to-back microstrip patch antenna is
presented with the switching scheme offering a switched
180° hemispherical patterns. The design acts as a viable low-cost solution
for providing maximum spatial diversity in a single-plane.
The
advantages and drawbacks of placing the PIN diode switches in the
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antenna feed will be discussed. Methods to improve the consistency in
frequency and radiation pattern between different cases will be provided.
For descriptive purposes, the Front case is active when the front patch is
switched on and the rear patch is switched off and vice versa for the Rear
case.

3.2. Antenna Design
The simplified design structure can be considered as two parts - two
identical rectangular patches and an SPDT PIN diode switching circuit, as
shown in Figure 3.1. The radiating elements comprised two identical
rectangular microstrip patches which share a common ground plane
sandwiched between the middle layer using FR4 substrates (ε r = 4.1 and
tan θ = 0.025) [74]. The two patches were matched using quarter wave

Figure 3.1. Simplified structure of the back-to-back design
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transformers and integrated using a 50 Ω interface to the PIN diode
switch circuit. Particularly, the rear patch circuit was connected to the
SMA feed using a via from the rear substrate. In this way, one common
SMA connector was used in the antenna feed. Due to the back-to-back
structure, the coupling effect should be studied first followed by the via
investigation. So far, there was no PIN diode added to the antenna
structure, on and off modes were simulated simply using copper strips
connected or slotted in the feed line.

Figure 3.2. Coupling effect on the back-to-back structure

The coupling effect of back-to-back patch structures was studied
in [75], where an omnidirectional circularly polarised antenna was
reported. In this design, the S11 coupling effect was shown in Figure 3.2.
The Front case S11 (red dashed line) in the double-sided antenna was
similar to the single patch result (black dotted line). Therefore, the
coupling effect has been limited by isolation due to the middle layer
ground plane. The green solid S11 result in Figure 3.2 showed the added
via causes resonance frequency shift and S11 magnitude change. To
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further understand the influence of the added via, a parametric study on
the via radius was shown in Figure 3.4 and in the complex format in
Figure 3.3, it can be concluded that using a via from the top to bottom
feed introduce an imaginary part to the result. Increasing the radius from
0.15 to 0.75 mm, the result showed more inductance at 2.45 GHz. Thus,
the via radius should be minimised for smaller inductance as
demonstrated in Figure 3.3. However, limited to the PCB manufacturing
standard, the via radius was chosen to 0.35 mm.

Figure 3.3. The Smith chart result of sweep via radius (unit: mm) in Rear case

Figure 3.4. The S11 result of sweep via radius (unit: mm) in Rear case
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Noticing the Rear case was more inductive than the front patch, the
patches were designed and tuned to be resonant at 2.45 GHz based on
the Rear case simulation result. Final optimisation on the via inductance
was discussed in Section 3.4. Identical dimensions showed in Figure 3.5
were used to ensure both S11 and radiation characteristic. The antenna
was designed and printed on a pair of double-sided FR-4 substrates with
dimensions 1.52 × 60 × 98.16 mm3 .

Figure 3.5. Antenna geometry (a) Front view (b) Side view (c) Rear view

As shown in Figure 3.5, antenna dimensions (in mm) were Wt = 0.8,
Wm = 2.9, Wc = 2.45, Lc = 6, W f = L f = Lb = Wb = 28.3, Wsub = 60, Lsub =
98.16, Rv = 0.35, R g = 0.7, R p = 1.5, Lq = 15.6, T = 1.52. For prototyping,
four plastic screws secured two FR4 substrates together. Part of the rear
substrate (LSMA × WSMA ) was trimmed to accommodate the SMA
connector flanges.
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3.3. Switching Circuit
The SPDT PIN diode circuit shown in Figure 3.6 was laid out on the
front and rear substrates before the via. It was 50 Ω impedance matched
to the front and rear patches and to the SMA source. That is, one of the
patches can be selected using the circuit offering a switched 180° radiation
pattern. The SPDT switch circuit design was distributed equally on two
substrates including soldering pads and component values. The circuit on
the rear side was a mirror image of the front circuit in order to minimise
detuning of one side with respect to another and to equalise losses. This
ensures consistency in two switching states and performances.

Figure 3.6. SPDT PIN diode circuit
0

The lumped component values in Figure 3.6 were C1 = C1 = 82 pF,
0
0
0
0
C2 = C2 = 20 pF, L1 = L1 = L2 = L2 = 15 nH, R1 = R1 = 62 Ω. R1
was used as a current limiter, C1 , C2 were DC blocking capacitors and L1 ,
L2 were RF chokes. The values of the C1 , C2 and L1 , L2 were optimised
to match all ports to 50 Ω for minimum transition loss in the circuit. A
1.5 Volt button battery (KODAK SR44) was applied at port 1 or 2 to power
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the diode for Front or Rear cases respectively. A Skyworks SMP1320-011LF
PIN diode [67] was used and the simulated circuit models are shown in
Figure 3.7.

Figure 3.7. PIN diode simulation model

The physical characteristics of the lumped components were included
in the simulation to enhance the model accuracy. The 3-port circuit Sparameter results were shown in Figure 3.8 for the Front case. Port 1 was
connected to the SMA feed connector; Port 2 was for the front patch and
Port 3 was for the rear patch. The S13 forward gain of -16.4 dB at 2.44 GHz
was the leakage from the rear patch to SMA. The S23 of -20.2 dB at 2.44 GHz
showed front to rear patch isolation. Notably, the S12 insertion loss of
1.9 dB from front patch to SMA dominated the drop in realised gain of the
antenna.
The PIN diode equivalent circuit model was fundamental to the
simulated design because the serial inductance (Ls ) when the diode was
on, impacts on the desired frequency. In order to improve the simulation
accuracy in the resonant frequency, an inductance sweep on Ls when in
the Front case was investigated in Figure 3.9. The Ls = 1.0 nH was chosen
as the measured result differs by 3 MHz to the simulated results for the
Front case.
Notably, it was seen from Figure 3.9 that a spurious response
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Figure 3.8. Simulated 3-port circuit S-parameters for the Front case

Figure 3.9. PIN diode serial inductance (Ls ) sweep when in the Front case
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occurred at 2.55 GHz. This impedance mismatch (take Rear case for
0
0
0
example) was caused by the rear side extra open stub with C1 , L1 and R1
still connected through via to the SMA feed. The S13 current leakage from
Figure 3.8 (circa 3%) combined with the rear circuit mismatch resulted in
the rear patch spurious response.

3.4. Fine Tuning on Antenna Performance in Two
States
The design goal was to provide a radiation pattern which illuminates
a switched 180° hemispheres with the same radiation and matching
performance.
Therefore, identical patch elements, quarter wave
transformers and mirrored switch components were used on both
substrates. The only non-mirrored differences were the feed via and
trimming to accommodate the SMA connector. An inductance difference
was noted in the simulation results in Figure 3.3. Therefore, a copper strip
on the front substrate (Wc × Lc in Figure 3.5a) was added to compensate
for this, and the centre frequencies were aligned at 2.445 GHz.
Additionally, when adding the PIN diode circuit, the resonant
frequencies shifted downwards by 2% for both states. This was due to the
additional 5 components on each side. Hence, both microstrip patch
dimensions were increased to compensate for the desired WLAN band.
A parametric study of the ground plane and substrate dimensions
was carried out in order to reduce side lobes and to improve the
front-to-back ratios. From Figure 3.10, the front-to-back ratio for the Front
case was improved from 15.8 dB to 30.1 dB when the ground plane width
increased from 40 mm to 60 mm. It can be concluded that the smaller
ground plane produced a larger side lobe with a poor front-to-back-ratio.
In the final design, the ground plane width Wsub was 60 mm (≈ λ0 at
desired frequency).
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(a) H-plane in Front case

(b) E-plane in Front case
Figure 3.10. Simulated parameter study of ground plane width Wsub
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3.5. Simulation and Measurement Results
The simulated and measured S11 for the Front and Rear cases was
shown in Figure 3.11. The simulated Front and Rear cases resonated at
2.445 GHz, with −10 dB impedance bandwidths of 52 MHz and 43 MHz,
respectively. The measured results aligned at 2.441 GHz for both states
with bandwidths of 49 MHz (2%) and 45 MHz (1.84%), respectively.
4 MHz bandwidth difference in the measurement between the two states
was caused by the matching copper strip and via after the optimisation.

Figure 3.11. Simulated and measured S11 results for Front and Rear cases

The simulated and measured radiation patterns were shown in
Figures 3.12, 3.13, 3.14, 3.15 with a summary in Table 3.1.
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Figure 3.12. Front case in the H-plane

Figure 3.13. Rear case in the H-plane
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Figure 3.14. Front case in the E-plane

Figure 3.15. Rear case in the E-plane
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Table 3.1. Summary of the radiation pattern in two states

State /
Cut Angle

Frequency
= 2.45 GHz

Front H-plane

Simulation
Measurement
Simulation
Measurement
Simulation
Measurement
Simulation
Measurement

Front E-plane
Rear H-plane
Rear E-plane

Peak gain
direction (°)

Realised gain
(dBi)

HPBW(°)

270
270
266
270
90
90
90
90

0.9
0
0.9
0.3
1.3
0.1
1.3
0.3

97.3
95
84
100
96.6
95
85.3
100

A 180° switched radiation pattern in one plane was achieved. The
measured peak gain directions corresponded with the simulation with a
0.9 dB average differences in the realised gain. The measured half-power
beamwidth (HPBW) for Front and Rear cases in the H-and E-planes were
95°and 100°, respectively.
As shown in Figure 3.8 in the three port PIN circuit simulation, the
insertion loss in S12 caused the realised gain drop in both states, thus
resulting in the efficiency loss shown in Figure 3.16. The simulated total
efficiencies of the whole antenna with the circuit for the Front case and
Rear case were 44.6% and 51.3%, respectively. As a comparison, similar
work of a pattern reconfigurable 2 × 2 microstrip array at 2.4 GHz [71]
reported a 65% efficiency. This low efficiency was mainly caused by the
insertion loss of the circuit. It should be noted that the spurious response
at 2.55 GHz shown in Figure 3.9 was also seen in the efficiency plot. The
prototyped antenna with button battery placed on the substrate is shown
in Figure 3.17.
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Figure 3.16. Simulated total efficiency with and without switching circuit for both
cases

(a) front view

(b) rear view

Figure 3.17. Photo of the antenna prototype
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3.6. Comparison to Similar Designs

Figure 3.18. Envelope correlation coefficient

The envelope correlation coefficient of this work is shown in
Figure 3.18. It was 0.0007 at the centre frequency and below 0.001 across
the bandwidth. The pattern configurable patch array [71] capable of
switching the conical beam in directions ϕ = ±45° and ±135° reported an
ECC of 0.006.
In comparison, this work provided the maximum
switchable diversity in a single-plane with an extremely low ECC result.
A comparison with recent reported similar antennas is summarised in
Table 3.2.
Table 3.2. Comparison and advantage of this work
Ref
[15]
[10]
[13]
This Work

Working

Switch

Switched

Antenna

Scheme

Angle

Gain

11%

2 Varactors

90°

1-4.5 dBi

1.4%

2 PINs

N.A.

2.8 dBi

4%

Mechanically

±32°

7.2 dBi

2%

2 PINs

180°

1.3 dBi

Size

FBW

2.42 GHz

1.7 × 0.67 × 0.24λ3

2.44 GHz

1 × 1 × 0.02λ3

5.5 GHz

0.1 × 2.332 λ3

2.44 GHz

1.6 × 1 × 0.05λ3

Frequency
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In [15], a coupled dual stacked patch design was presented with a
reconfigurable varactor power divider circuit. The antenna realised a
configurable H-plane omnidirectional pattern or broadside patterns by
varying the varactor capacitance. Therefore a variable gain from 1-4.5 dBi
was achieved. With the air gap and the coupled patch design, the
bandwidth and gain were reported with similar substrate size. In [10], 2
PIN diodes were used to switch the polarisation of the antenna. Vertical
and horizontal polarisation was switched, similar gain and FBW were
reported using a similar substrate size. With manual rotation of the
metasurface as a reflector on a circular patch design [13], the conical beam
was rotationally swept for θ = 32°. This design used a relatively large
substrate size with a high gain.
Compared to previously reported work, this research work presented
the maximum switched angle of 180° with an extremely low ECC. The
front-to-back ratios for two states were 15.5 dB and 22.6 dB. This work
along with [10] and [13] reported good impedance control while changing
the states. However, due to the mechanism behind the varactor to change
the capacitance, in [15] a frequency shift was observed.
The drawback of the proposed antenna is that it is relatively large,
however, this antenna could be made smaller by using a substrate of
greater dielectric constant. The ECC was 0.001, lower than 0.006 reported
in [71]. The total efficiency reported in [71] was 65% and 55% in [15]. This
work presented 50% total efficiency due to the cross-layer circuit insertion
losses.
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3.7. Summary
In this chapter, a back-to-back microstrip beam switching antenna was
presented for WLAN applications1 . A 180° switched angle in the H-plane
was measured between two states to address a need for spatial diversity
patterns. The mirrored design ensured a similar radiation performance
for both states. The measured frequency responses show good agreement
with simulation for both states. Compared with others’ work, this antenna
was better in reaching a maximum switched pattern diversity and in
providing consistent frequency control for both states. It provided the
possibility to use microstrip antennas for WLAN applications with
improved data capacity and energy savings. There is potentially possible
to develop an array configuration for adaptive beamforming.
The switch circuit placed in the antenna feed provided the switching
function with an average of 0.9 dB insertion loss. Future research using
this type of PIN circuit could focus on insertion loss reduction and
bandwidth enhancement. Further pattern reconfigurable antenna design
could be carried on in a 5G mmWave band using the same strategy of
mirrored layout for both the antenna and the circuit design.
This antenna provides the maximum switched angle that can be
achieved in a planar plane at 2.4 GHz. In the next chapter, a pattern
configurable antenna is presented in the same frequency band. It is
capable of achieving maximum spatial diversity with two orthogonal
patterns using one PIN diode in the circuit.

1 This

work was awarded the best student paper in Loughborough Antennas &
Propagation Conference 2015
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4.1. Methodology
Switching antenna radiators is one common way in pattern
reconfigurable antenna design. The antenna proposed in [76], offered a
simple structure of two orthogonal dipole elements with a switching
circuit attached. However, the PIN diode circuit was not revealed in this
work. The antenna in [16] used two compact meander line antenna
elements to switch between vertical and horizontal polarisation in an
omnidirectional pattern. Two copper strips were used as switches for
proof of concept. Both antennas above offer radiation pattern and
polarisation reconfigurability.
Switching parasitic elements is an alternative method for pattern
reconfigurable antenna design. In [12], a monopole microstrip antenna
with two parasitic stubs was presented for vital sign detection. This
broadband antenna (3 - 4.5 GHz) was capable of switching the radiation
pattern over a maximum of 80° in one plane. A monopole reconfigurable
antenna was reported in [77] using 4 pairs of parasitic elements and
reflector parallel to the main radiator. Switching on one pair (other 3 in off
state) offered 4 directional beams in ϕ = 0°, 90°, 180° and 270°; switching
on 2 adjacent pairs of parasitic elements and reflector offered another 4
directional beams indirections ϕ = 45°, 135°, 225° and 315°.
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Figure 4.1. A pattern reconfigurable antenna design example [78]

Switching the antenna structure in order to change the current
distribution was reported in [78] using a ring slot. The structure was
presented in Figure 4.1 (a) and (d). The mechanism was explained using
the Off-state or On-state E-field in (b) and (e). This antenna offered a
semi-orthogonal pattern diversity shown in (c) and (f).
A beam-forming phased array antenna [79] was implemented in a
satellite subarray cell. The designed beam-former network used eight
source ports to switch the feed arrangement connecting to three radiating
elements.
This chapter presents a 2.4 GHz printed inverted-F antenna with a
parasitic element. The proposed antenna used only one PIN diode to
switch the parasitic element on and off, realising horizontal and vertical
polarisation respectively in the same frequency band. For easy description
purposes, the ON and OFF cases are defined as the PIN diode in on and
off states.
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4.2. Antenna Configuration
As shown in Figure 4.2, a printed inverted F antenna (PIFA) was
chosen. The PIFA structure contains a short arm connected to the ground,
a horizontal arm and 50 Ω feed. The low profile monopole antenna was
built on a 50 × 50 mm2 (0.4λ0 × 0.4λ0 ) double-sided FR4 substrate with a
thickness of 1.52 mm (ε r = 4.1 and tan θ = 0.025).

Figure 4.2. Reconfigurable PIFA antenna structure

The antenna consisted of a printed inverted-F antenna in the top left
corner of the board, which was fed from the board centre. A printed
inverted-F-like parasitic element, used for pattern reconfiguration, was
located in the bottom right corner. The parasitic PIFA was identical in
dimensions to the main radiator and symmetric in position to the centre
source. The PIN diode circuit was located at the feed of the parasitic
element. It controlled whether or not the parasitic element was shorted to
the ground using a via. When the PIN diode in the on state, the shorting
arm and the feed of the parasitic PIFA are shorted. This ensured the main
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radiator performance in ON case and offered the research possibility for
OFF case antenna behaviour using this PIFA structure. The beam control
stub dimensions were key to designing the switching scheme and are
discussed in the parametric study.

Figure 4.3. PIFA antenna dimensions

The shorting arms (Ls × Ws ), horizontal arms (L a × Wa ) and the feed
position (Pf ) of the parasitic element were the same as the top left invertedF antenna. The ground plane was rectangular (50 mm × 50 mm) with
symmetric sections (Gx × Gy ) cut away from the top left and bottom right
corner.
The antenna dimensions in Figure 4.3 were: Wsub = Lsub = 50 mm,
Gx = 21 mm, Gy = 11.5 mm, L a = 19 mm, Wa = 1.5 mm, Ls = 10 mm,
Ws = 2 mm, Pf = 8.375 mm, L4 = 20.5 mm, L3 = 15.125 mm, L2 = 7.2 mm,

55

4. Reconfigurable Printed Inverted-F Antenna

L = 12 mm, d = 2 mm, T = 1.52 mm, Sw = W = 3 mm.

4.3. Mechanism

Figure 4.4. Surface current in both cases

The antenna’s current distributions are shown in Figure 4.4 for both
cases. The red arrows in the figure indicated the current direction on the
ground plane. When in ON case, the parasitic element was connected to
the ground through Via 3. Figure 4.4a showed the instantaneous current
density for the ON case. As the parasitic element was grounded at Via 3,
the main radiator was the top left PIFA. The current of the parasitic
element in the vertical arms connecting to Via 2 and Via 3 cancelled each
other, leaving the horizontal arm current dominant. The antenna was
horizontally-polarised in this case. When in OFF case, the parasitic
element also radiated, as shown in Figure 4.4b. Stronger current can be
observed in the ground plane, particularly at the vertical edge. This
determined the dominant polarisation of the antenna, which was
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horizontal for the ON case and vertical for the OFF case. The related
radiation patterns for both cases were shown in Figure 4.5.

(a) Radiation pattern in ON case

(b) Radiation pattern in OFF case

Figure 4.5. PIFA radiation patterns in both cases

The Skyworks SMP1320-011LF [67] was used, and the simulation
model was 0.75 Ω in series with 1 nH inductance when in on state and
600 Ω in parallel with 0.23 pF capacitance when in off state. The PIN
diode circuit was distributed on the front and rear side of the PCB
through Via 3 and shown in Figure 4.6. R1 was used as a current limiter,
C1 was the DC blocking capacitor, and L1 was the RF choke. Via 3 was
used to short this parasitic element when the PIN diode was on. A 1.5 V
button battery was used to power the diode.

4.4. Key Parametric Study
It should be noted that the ground plane size in this monopole
antenna design can also influence the performance of the radiation
pattern, as it determined the distance between the two radiators. If a
different ground plane size was employed, the antenna and parasitic
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Figure 4.6. Double-sided PIN diode switching circuit

element feed lengths would also change, altering the surface current
configuration and polarisation for both cases. Therefore, the following
parametric study was based on the current set up of the ground plane size
and the beam control stub position relative to the SMA feed. The length
and width of the beam control stub (L × d as shown in Figure 4.6) in the
bottom parasitic element were critical to both matching and radiation
pattern optimisation. The stub L × d study was important to control the
performance of this pattern reconfigurable antenna.
As can be seen from the Figure 4.7 and 4.8, the parameter L was
optimised for minimum beam squint in both cases. Figures 4.7a and 4.8a
demonstrated that the antenna main lobe angle was sensitive to the
variation of L. In Figure 4.7b and 4.8b, the realised gain was maximised
for L = 12.5 mm.
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(a) ON case for ϕ = 0°
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Realized Gain

dBi
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ON Phi = 90

o

L = 23.5 mm
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(b) ON case for ϕ = 90°
Figure 4.7. Radiation pattern sensitivity to the length of stub L in ON case

It should be noted that the proposed stub length L (0.2λ) is equal to
the top left antenna feedline length (the vertical part). Also, the top of the
stub was equidistant to the feed point and to the PIN diode position. This
ensures a rotationally symmetric design for pattern reconfigurability.
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L = 23.5 mm
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(a) OFF case at ϕ = 90°
dBi

X

Y
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L = 23.5 mm
-X

(b) OFF case at θ = 90°
Figure 4.8. Radiation pattern sensitivity to the width of stub L in OFF case
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The detailed 3D pattern was shown in Figure 4.9. As demonstrated, a
0.5 mm change in length of L resulted in the maximum gain direction tilted
45° up in YoZ plane. In Figure 4.10, the resonant frequency and matched
bandwidth were shown to be sensitive to the stub width d.

(a) ON case for L = 12.5 mm

(b) ON case for L = 13 mm

Figure 4.9. Radiation pattern sensitivity to the width of stub L in ON case

ON d=3 mm

Figure 4.10. S11 variation to the width of stub d
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(a) ON case for ϕ = 0°
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X

Y
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d = 3 mm
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(b) ON case for θ = 90°
Figure 4.11. Radiation pattern sensitivity to the width of stub d
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Figure 4.11a illustrated that the radiation patterns main lobe direction
in the XoZ plane (ϕ = 0°) changes by 35° as the stub width was varied
from d = 1 mm to d = 3 mm when the PIN diode was on. In Figure 4.11b,
d = 2 mm offered the maximum gain direction at +X-axis.
Therefore, as shown in Figures 4.10 and 4.11, in the final design, the
length and width of the stub were chosen to be L1 = 12.5 mm and
d = 2 mm which was optimum for beam switching performance and
impedance matching.

4.5. Simulated and Measured Results
The measured and simulated S11 results were presented in Figure 4.12
for both cases. ON and OFF cases resonated at 2441 MHz in the
simulation with −10 dB impedance bandwidths of 450 MHz and
232 MHz, respectively. The measured resonant frequencies remained the
same for both cases where the bandwidths were 385 MHz (15.8%) and
205 MHz (8.4%), respectively.

OFF Meas

Figure 4.12. Simulated and measured S11 results for ON and OFF cases
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Figure 4.13. Simulated antenna total efficiency and envelope correlation coefficient

The measured and simulated S11 showed good agreement in both ON
and OFF cases. The shared measured −10 dB bandwidth for the two cases
was 205 MHz (8.4% from 2357 MHz to 2562 MHz). This low profile
printed inverted-F antenna achieved a wide bandwidth in both cases and
excellent frequency stability between the two cases. The simulated total
efficiency, as shown in Figure 4.13, for the ON and OFF cases at 2.44 GHz
was 84.6% and 81.7%, respectively.
The simulated and measured radiation patterns were shown in
Figure 4.14, 4.15, 4.16 and 4.17. Three patterns in each figures indicate the
centre, lower and upper working frequency. The reconfigured orthogonal
radiation patterns were achieved for the ON and OFF cases in the XoZ
plane with wide half power beamwidth. The antenna was omnidirectional
in the YoZ plane for the ON case.
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(a) The pattern for ON case at θ = 90° for 2460 MHz
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(b) The pattern for ON case at
θ = 90° for 2356 MHz
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(c) The pattern for ON case at
θ = 90° for 2563 MHz

Figure 4.14. PIFA ON case radiation pattern at θ = 90°
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(a) The pattern for OFF case at θ = 90° for 2460 MHz
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(b) The pattern for OFF case at
θ = 90° for 2356 MHz

(c) The pattern for OFF case at
θ = 90° for 2563 MHz

Figure 4.15. PIFA OFF case radiation pattern at θ = 90°
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(a) The pattern for ON case at ϕ = 0° for 2460 MHz
dBi

Z

dBi

X

-X

-Z

Cross-pol Sim

(b) The pattern for ON case at
ϕ = 0° for 2356 MHz
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(c) The pattern for ON case at
ϕ = 0° for 2563 MHz

Figure 4.16. PIFA ON case radiation pattern at ϕ = 0°
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(a) The pattern for OFF case at ϕ = 90° for 2460 MHz
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(b) The pattern for OFF case at
ϕ = 90° for 2356 MHz
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(c) The pattern for OFF case at
ϕ = 90° for 2563 MHz

Figure 4.17. PIFA OFF case radiation pattern at ϕ = 90°

The measured radiation patterns agreed well with simulation. The
measured peak gains were 1.2 dBi for ϕ = 0° and 1.0 dBi for ϕ = 90° when
in ON case. For the OFF case, the measured peak gains were 1.8 dBi for
ϕ = 0° and 4.2 dBi for θ = 90°. The bottom radiator contributes to the
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greater gain in the OFF case with a narrower HPBW. The measured HPBW
for OFF case at ϕ = 0° and θ = 90° were 226° and 118.5°, respectively. The
pattern reconfigurability was shown to be consistent across the working
frequency band.
The ECC in Figure 4.13, was less than 0.15 over the full bandwidth,
which indicates that the pattern was switched significantly. It should be
noted that, in contrast to a MIMO system, the radiation patterns for the
ON and OFF cases in this work were not operating simultaneously.

4.6. Comparison to Similar Designs
A comparison with reported similar monopole antenna designs is
summarised in Table 4.1.
Most of the referenced work below offered an orthogonal switched
pattern diversity (polarisation diversity). However, in [16], the compact
design resulted in low gain and it employed ideal copper strips as
switches. UWB pattern reconfigurability was achieved in [12] with two
PIN diodes. The design achieved ±40° switched angle on a reasonably
large substrate. The most similar monopole pattern was achieved in [78]
as presented in Figure 4.1. When in the ON state, it realised a patch
shaped radiation pattern and in the OFF state realised monopole pattern.
This work was built on a relatively large substrate compared to the

Table 4.1. Comparison and advantage of related works
Ref

Working
Frequency

Size

FBW

Devices
Used

Pattern
Feature

Realised
Gain

[16]
[12]
[78]
This Work

2.4 GHz
3.8 GHz
2.4 GHz
2.4 GHz

0.25×0.25 λ2
2.4×2.2 λ2
1.5×1.4 λ2
0.8×0.8 λ2

4%
52%
9%
8.4%

Copper
2 PINs
2 PINs
1 PIN

Orthogonal
±40°
Semi-Orthogonal
Orthogonal

-1.1 dBi
4.6 dBi
4.8 dBi
4.2 dBi
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presented work, but, both works reported similar realised gain. The
presented work was also better in component count.
This printed low profile antenna achieved polarisation switching with
two orthogonal radiation patterns. Compared to [12, 16, 78], this antenna
provided wider angle switching capability with a simple one PIN diode
switch configuration. The presented parasitic structure is simple and easy
to integrate.
The drawback of this antenna was that the realised gain has 2.4 dB
difference in the two switching states; this is caused by the bottom
parasitic PIFA element, which only radiates in the OFF state. Moreover,
the bandwidth in the ON state is 180 MHz wider than that in the OFF
state. Therefore the shared bandwidth was limited to 205 MHz (defined
by the OFF state).

4.7. Summary
A simple pattern reconfigurable printed inverted-F antenna was
presented. The proposed low profile monopole antenna consists of one
main radiator and one parasitic element. The antenna was capable of
switching both the pattern and polarisation across the full bandwidth
with constant orthogonal radiation performance. This low profile antenna
provided wider angle switching capability with a simple one PIN diode
switch configuration.
This printed low profile monopole antenna provides orthogonal
radiation patterns in the YoZ plane when in the ON case with horizontal
polarisation and XoY plane when in the OFF case with vertical
polarisation. The measured realised gains for the ON and OFF cases were
1.2 dBi and 4.2 dBi, respectively.
The shared measured working
bandwidth for both cases was 205 MHz (8.4% from 2357 MHz to
2562 MHz).
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The operating mechanism was described, and key antenna
parameters were studied and optimised. The symmetric design ensured
the pattern reconfigurable design. Low envelope correlation coefficient
was obtained which indicated good switched pattern diversity. The
suggested application for this antenna is for a mobile terminal with
spatial diversity and suitable for interference mitigation.
If the PIN diode is used to connect a strip to the antenna ground,
particularly for monopole antennas, the DC block and RF choke at the RF
output side of the PIN diode can be saved. This component count saving
was observed in this work and in [11].
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5. M ILLIMETRE WAVE V IVALDI
A NTENNA
5.1. Introduction
The study of the antenna and antenna circuitry has been extended to
millimetre wave bands based on the latest 3GPP 5G standard [80] and
Internet of Things (IoT) Technology [1]. Passive circuits (i.e. filter circuits)
are easier to start with compare to the active circuits (diodes with DC
power). Therefore, the wideband Vivaldi antenna with circuit design was
chosen for the research.
The Vivaldi antenna was firstly proposed by Gibson in 1979 [81] as a
travelling wave antenna which coupled along the inner edge of the flared
structure and radiated in the end-fire direction. For a single Vivaldi
element, research has mainly focused on wideband applications [82] and
methods to improve the directivity or maximum realised gain [83–86].
An elliptical parasitic element was added to an Antipodal Vivaldi
Antenna (AVA), which was reported to improve the directivity and gain in
K-band [87]. A co-planer Vivaldi antenna using a double-slot structure fed
by dual-stubs was also reported [88]. The inner flares were shorter for
both slots, therefore two outer flares enhanced the E-field plane wave,
which improved the directivity in Ku-band. Similarly, a double-antipodal
structure was reported in [89], where the higher gain was achieved using
two inner tapered edges which were shorter in length compared to the
outer tapered edges. A notable addition of slits on the outer edge was
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used to improve the radiation pattern and edge diffraction [89–92], the
widths and gaps of the edge slits were optimised. The corrugated edges
were reported to improve the antenna gain performance. Y-shaped edge
slots were examined in [93], and improved electric field simulation was
shown on the edge. Therefore, an increase of 2 dB in gain was reported.
Reconfigurable Vivaldi antenna research has been mainly focussing
on the frequency reconfigurability. For example, in [94], an ionized
solution fluid switch was used at 4 GHz band offering two operating
frequencies. A frequency reconfigurable antenna was reported in [95] at C
band. A varactor diode was used at the antenna feed to switch the
operation frequency from 6.16 GHz to 6.47 GHz using an antipodal
Vivaldi structure. Two Vivaldi antennas presented in [96] and [97] used
PIN diode switches in the ring resonator to realise UHF band
reconfigurable antenna designs.
Filter integrated antennas were studied in the millimetre-wave
bands [98] and shown to be useful for sub-harmonic suppression. As
reported in [99], the control of gain over frequency for an
ultra-wideband (UWB) Vivaldi antenna was challenging. The gain of this
antenna varies from 3 dBi to 12 dBi over the frequency band. Adding a
bandpass filter section can be used to reduce the matched bandwidth,
providing radiation performance control as well as improving the
sub-harmonic suppression.
In this chapter, detailed approaches to design a dual-stub coplanar
Vivaldi antenna with a parasitic element at 28 GHz were presented based
on the studies in [100] and [101]. The development of the antenna
performance was discussed. The parasitic element was optimised in shape
and size for higher gain; The slits on the edge of the ground plane were
studied to improve the radiation performance; Differential dual-stub
excitation was critical to the design, and the mechanism was explained.
Critical parameters were studied to adjust the frequency response and
radiation characteristics. The antenna filter structure was studied and can
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potentially be used for frequency reconfigurable antenna designs.

5.2. Initial Antenna Design

Figure 5.1. Vivaldi Antenna with BPF section

The coplanar Vivaldi antenna was prototyped on a Rogers RT/Duroid
5870 substrate (ε r = 2.33 and tan θ = 0.0012) with dimensions 44.5 × 32 ×
0.79 mm3 . The antenna geometry was shown in Figure 5.1. The antenna
consists of a bandpass filter (BPF) on the top side connected to the feed of
a K-type (2.92 mm) connector. The dual-stub provides improved coupling
to the tapered slots with the same amplitude and an unequal phase. A
detailed fed excitation methods study was reported in [102]. This inverted
180° design method was extended for wideband Vivaldi designs using the
dual-stub structure. The gain was better than 14 dBi across the full Kaband. However, with the BPF in this design, the UWB antenna provides
the frequency selective properties and a narrow bandwidth.
The tapered slot side of the board was mirrored in the x-axis. The
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exponential profile curve used in this design was:
C ( x ) = ± a × e px

(5.1)

where a = 0.4 and p = 0.16.
An elliptical parasitic element was positioned between the edge of the
board and the slot aperture. The dual-stub structure coupled to the
parasitic element and the tapered slot to improve the radiating gain and to
increase the beamwidth.

5.2.1. Bandpass Filter Session
With a filter section added at the source end (Figure 5.2), the connector
position was brought back to the edge of the board, thus minimising squint
due to the connector. The two-stage coupled filter contained a microstrip
width of 0.3 mm with a gap of 0.28 mm. The simulated response of the
two-port filter was shown in Figure 5.3. This low-loss bandpass filter was
designed at the centre frequency of 28 GHz with a −3 dB bandwidth from
25.41 GHz to 31.2 GHz. The simulated S11 with and without the filter was
shown in Figure 5.4. The filter improved the matching in the desired band
and suppressed the sub-harmonics significantly.

Figure 5.2. Bandpass filter with dimensions
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Figure 5.3. Simulated response of the two-port filter

Figure 5.4. Simulated antenna S11 with and without the filter section
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5.2.2. Optimisation of Antenna Profile Curves
The parameters of the exponential curve a and p (in Equation (5.1)) had
a significant impact on the frequency response. As shown in Figure 5.5,
both a and p controlled the flare level, thus controlling the frequency. In
this design, a = 0.4 and p = 0.16 were chosen.

(a) φ = 0° cut

(b) θ = 90° cut
Figure 5.5. Frequency sensitivity to the variation of a and p
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5.2.3. Microstrip Ellipse Geometry
Similar to [87], the position of the parasitic element should be located
close to the throat of the flare to improve the coupling. The ratio of the
shorter arm to long arm had a minor effect on the realised gain. However,
the longer arm (L a ) of the ellipse had the most impact on the antenna
gain. As shown in Figure 5.6, when L a = 152 mm, it provided the highest
radiation gain with minimum side lobes.

Figure 5.6. Realised gain sensitivity to variation of L a for θ = 90° at 28 GHz

5.2.4. Parametric Study on the Ground Plane Width
The ground plane width also changed the radiation pattern. A
parametric study was carried out for θ = 90° in Figure 5.7. The narrow
ground width of 20 mm provided the highest gain of 9.8 dBi with an
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HPBW of 30°. In this design, 32 mm was chosen for the final design. It
contributed the widest HPBW of 51° with a maximum gain of 8.2 dBi. It is
noted that the side lobe radiation was not mirrored due to the difference
of the unequal stub path phase.

Figure 5.7. Realised gain sensitivity to variation of ground plane width for θ =
90° at 28 GHz

5.2.5. Comparison of the Single- and Dual-stub Design
A single-stub Vivaldi antenna was designed in Figure 5.8 with the same
configurations for comparison on the antenna performance. Simulations
were carried out with and without the parasitic element for both dual- and
single-stub situations. It should be noted that the feed positions for both
single and dual-stub cases were optimised before removing the parasitic
component. Figure 5.9 demonstrated that the parasitic element helped to
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Figure 5.8. Single-stub coplanar Vivaldi antenna design

Figure 5.9. S11 comparison of the single and dual stub design
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Figure 5.10. Radiation pattern comparison of the single and dual stub design for
θ = 90° at 28 GHz with and without parasitic ellipse

eliminate undesired frequency responses, and Figure 5.10 showed that the
parasitic element improved the end-fire radiation. The realised gain had
increased by 3 dB compared to the single-stub feed methodology.

5.2.6. Initial Design Result
The antenna radiates at 28 GHz with a −10 dB impedance bandwidth
of 262 MHz. The simulated total efficiency was 81.2%. The maximum
realised gain was 8.2 dBi. The HPBW was reported to be 52° at
θ = 90° with more than 120° end-fire radiation gain greater than 0 dBi. At
φ = 0° the HPBW was 31.4°. Based on the antenna discussion presented
above, a coplanar Vivaldi antenna was optimised and fabricated with
better performance [101]. The following Vivaldi antenna was a fully
enhanced version of the initial design.
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5.3. Improved Antenna Design

Figure 5.11. Antenna geometry with outer dimensions

The antenna is improved with a smaller size, wider band BPF filter
design, more sophisticated feed line, improved parasitic element shape and
added slit edge for better radiating performance.
The antenna was prototyped on Rogers RT/Duroid 5880 substrate (ε r =
2.2 and tan θ = 0.0009) with dimensions 33.8 × 16 × 0.25 mm3 (3.15 × 1.49 ×
0.02λ3 ). The antenna geometry was shown in Figure 5.11. A bandpass
filter was implemented in the feed and terminated with a K-type (2.92 mm)
connector. The bottom side of the board was symmetrical in the x-axis, and
the exponential profile curve Ci ( x ) used to design this was:
Ci ( x ) = ± ai × e( pi x)

(5.2)

where a1 = 0.15 and p1 = 0.25.
The minimum width of the inner tapered slot was 0.2 mm. An edge
bend radius of R1 = 1 mm was applied to the point where the taper meets
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Figure 5.12. Antenna E-field simulation

the ground plane edge (see Figure 5.11) to increase the gain by 0.44 dB.
The parasitic element was introduced into the throat of the exponential
flared aperture and consists of two semi-elliptical shapes with an
exponential curved shape in the middle. The dual-stub structure couples
between the parasitic element and the Vivaldi curve. The parasitic element
was optimised in shape to improve the gain and end-fire radiation
characteristics. On the top side of the board, the differential feeds follow
the exponential curve connected to the two fan-shaped stubs of radius
0.7 mm and angle of 60°, which excite the tapered slot with the parasitic
element.
The E-field simulation, shown in Figure 5.12, demonstrates this
arrangement. It provides improved coupling to the tapered slots with
similar amplitude and 180° phase difference. This way, the E-field
directions on both sides of the parasitic element were the same, therefore
further enhancing the radiation performance (discussed in Session 5.4.2).
Notably, the calculated E-field distribution was slightly asymmetric, and
this was due to the feed configuration.
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5.4. Antenna Performance Study
5.4.1. Bandpass Filter Design
The filter section design was shown in Figure 5.13. The two-stage
coupled filter was connected to two open shunt stubs for matching
purposes. The dimensions shown in the figure were optimised for lower
and flatter insertion loss in the improved bandwidth from the previous
design (as in Figure 5.3).

Figure 5.13. The Bandpass Filter

Figure 5.14. Two port filter section simulation
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Figure 5.14 reported the simulated response of this two-port filter. This
low-loss bandpass filter was designed at the centre frequency of 28 GHz
with a 0.46 dB insertion loss and a −3 dB bandwidth from 25.48 GHz to
32.54 GHz.

Figure 5.15. Antenna S11 and total efficiency simulation with and without a filter

The simulated S11 of the antenna with and without the filter was shown
in Figure 5.15. It is noted that even the differential feeds were designed at
28 GHz, the Vivaldi antenna without filter provides a wide bandwidth
from 25.8 GHz to 43.9 GHz. However, the radiation pattern was tilted
outside the frequency of interest due to the phase difference in the two
stubs. The filter improves the matching in the desired band and suppresses
the subharmonics significantly. The total efficiency experienced a drop of
8.9% (From 93.8% to 84.9%) at 28 GHz due to the filter.
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5.4.2. The Parasitic Element Geometry

Figure 5.16. Parasitic shape comparison

Based on the initial design, an elliptically shaped radiator was
replaced by the proposed shape with the same length shown in
Figure 5.16. It can be observed, that the proposed shape increased the
gain by 0.5 dB compared to that of the elliptical shape. As can be seen
from the E-field simulation (Figure 5.12), the exponential curve C2 ( x ) with
the forehead semi-ellipse generates a flat planar wave that propagates in
the end-fire direction. Therefore, the shape of the parasitic element
proposed can improve the gain of the antenna. Also, the improved
feeding of the dual-stub adjusted the two maximum beam in Figure 5.10
to a wider beam HPBW of in Figure 5.16 at θ = 90°.

86

5. Millimetre Wave Vivaldi Antenna

Figure 5.17. The geometry of the proposed parasitic element

A further parametric study on the curve length L was implemented
while the total length of the parasitic element remains the same, the results
were shown in Figure 5.18. The exponential curve C2 ( x ) used the same
function from Equation 5.2 where a2 = 0.2 and p2 = 0.23, which was already
optimised for the highest gain. As shown in Figure 5.17, the forehead
semi-ellipse became wider as L increases, resulting in higher side lobes
and lower maximum gain. The highest realised gain and lowest side lobes
can be observed in Figure 5.18 when L = 10 mm.

Figure 5.18. Parameter study on the length L

87

5. Millimetre Wave Vivaldi Antenna

5.4.3. Parametric Study on the Vivaldi Edge

Figure 5.19. Geometry zooms in on the corrugated edges

The slits were parallel slots cut into the outer ground plane edge of the
Vivaldi, as shown in Figure 5.19. In this design, they were placed at the tip
of the Vivaldi curve, 45° to the y-axis with the slit width of 0.5 mm, the slit
separation of 0.8 mm and a linear increment 0.25 mm in length starting
from 1.5 mm (1st slit length).
From Figure 5.20, it can be seen that the front-to-back ratio improved
significantly by 11.9 dB with the slits in the structure. By adding four more
slits (from eight to twelve slits), the squinted radiation direction 5° was
modified back on boresight (0°) with the same radiation gain and halfpower bandwidth. The side lobe was also reduced by 1 dB. The comparison
of the slits parallel to the y-axis and 45° was presented. The proposed
method offered 1.4 dB greater maximum gain and lower side lobes.
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Figure 5.20. Parametric study on ground plane slits

The slit position to the Vivaldi tip S was studied in Figure 5.21 and
Table 5.1. As a balance between gain and beamwidth in the θ = 90° plane,
the presented design can be adjusted for pursuing more than 10 dBi
realised gain for S = 0 mm or wider HPBW for S = 4 mm.
Combing the results from Figures 5.12 and 5.21, the addition of
ground plane slits provided additional filtering on the ground plane edge,
which acted as a reflector to the edge current. Hence, the front-to-back
ratio was increased, with improved end-fire radiation.
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Figure 5.21. Parametric study on slit position S

Table 5.1. Summary of gain and HPBW in Figure 5.21

S
( mm)

Maximum Gain ( dBi)
in θ = 90°

Half-power beamwidth
(HPBW) in θ = 90°

0
2
4

10.24
9.52
7.85

30.3°
34.2°
47.08°
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Figure 5.22. Simulated and measured S11

5.5. Final Results
Figure 5.22 presented the simulated and measured S11 . The antenna
radiated at 28 GHz with a measured −10 dB impedance bandwidth of
25.99 - 31.49 GHz (∆ = 4.96 GHz) and simulated 26.11 - 30.71 GHz (∆ =
4.6 GHz). The simulated total efficiency was 84.9%.
The measured and simulated radiation patterns are shown in
Figure 5.23. The maximum measured realised gain was 8.51 dBi at
28 GHz. The measured HPBW was 35° in the θ = 90° plane and the
beamwidth for which the gain was greater than 0 dBi was 82°. For the φ =
0° plane, the measured HPBW was 75° with a 110° beamwidth for 0 dBi
gain.
Good agreement between simulation and measurement was
achieved. The simulated and measured realised gain over frequency at
boresight was presented in Table 5.2. Figure 5.24 shows the prototyped
antenna.
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(a) φ = 0° cut

(b) θ = 90° cut
Figure 5.23. Simulated and measured realised gain at 28 GHz
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Table 5.2. Measured and simulated gain over frequency

Frequency (GHz)

Simulated Gain (dBi)

Measured Gain (dBi)

27
28
29
30
31

7.56
9.4
8.5
7.59
6.4

7.23
8.51
7.57
7.23
6.35

Figure 5.24. Photo of the prototype antenna

5.6. Comparison to Similar Works
A comparison with recent reported similar antennas is summarised in
Table 5.3.
As compared in the table, in general, the use of the filter introduces
about 1 dB insertion loss no matter which technique was used. Therefore,
the realised gain of the system is still based on the antenna design. One of
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Table 5.3. Comparison and advantage of related works
Ref.

Working
Frequency

FBW

Filter
Used

Insertion
Loss

Radiation

Antenna
Gain

[103]
[104]
[105]
[106]
This Work

14.4 GHz
2.95 GHz
37 GHz
1.26 GHz
28 GHz

2.6%
6.3%
1.43%
6.32%
17%

SIW
SIW
SIW
C.L
C.L

1.1 dB
N.R
N.R
1 dB
1 dB

Omni-D
D
D
D
D

7.9 dBi
6.7 dBi
10.8 dBi
5.5 dBi
8.51 dBi

N.R = not reported

C.L = coupled line

D = Directional

the advantages of the filtenna designs is that it is highly integrated and
customised for individual antenna-filter structures, so that it can be used
for printed micrcstrip coaxial collinear antenna [103], SIW complementary
split ring resonator [104], multi-layer SIW slot antenna [105], monopole
antenna [106] or wideband dual feed Vivaldi antenna as in this work.
The Vivaldi antenna in [87] a gain of 5 dBi at 28 GHz was reported
using a parasitic ellipse. At 28 GHz, the high gain of 15 dBi [102] was
reported using a 12.6λ substrate length, 11 dBi gain was achieved using
four row of metallic strip as directors in [85] with an 8.2λ substrate length.
This work achieved a maximum realised gain of 10.2 dBi using a 4.6λ
substrate length with a configurable HPBW as mentioned in Table 5.1.

5.7. Summary
A dual-stub fed Vivaldi antenna with a parasitic element in the throat
flare was proposed. The dual-stub excites coupling between a parasitic
elliptical element and tapered slots. The reported antenna provided
greater coupling to the tapered slots using a dual stub structure with the
more sophisticated design than the initial design. The proposed dual stub
structure is competitive with the double slot structure in regard to gain
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performance. The parasitic element was optimised in shape for better
radiation performance. Optimisation on the parasitic element shape
offered another 0.5 dB gain increment and 3.5 dB better than no parasitic
element. The study on the edge slits used as reflectors provides the option
to configure the antenna HPBW from 30° to 47°with 2 dB difference in
gain. The bandpass filter section was added at the source end for
harmonic suppression. The insertion loss of adding the filter circuit
results in the total efficiency dropped 8.9%.
This antenna design provides the insight for antenna-filter integration
in the mmWave band, which can be used to build further complex
antenna integrated circuit. The suggested application for this coplanar
Vivaldi antenna is emerging 5G base stations and fixed terminals at 28
GHz for directional communication as well as imaging or sensing with
out-of-band suppression.
Although this chapter presents a Vivaldi antenna without the PIN
diode switch reconfigurability, the purpose of choosing Vivaldi antenna
which normally is ultra-wideband (UWB), is that it proves the integration
of the coupled line filter section perform as expected. The future
development of this design is that adding a varactor diode, with the filter
section, this antenna could be a frequency reconfigurable antenna.
Moreover, the coupled line filter section is used and developed in the next
chapter, where it works also as a DC block in the PIN diode circuit. The
Vivaldi antenna is replaced with a narrow band Yagi-Uda antenna for
pattern reconfigurability.
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YAGI -U DA A NTENNA
6.1. Introduction
Integrated RF circuits were studied in the ultra-high frequency (UHF)
band in previous chapters. The use of PIN diodes was proven to be an
appropriate for reconfigurable antenna designs. The associated antenna
circuitry could vary across designs for better integration and matching
purpose. In this chapter, the research on reconfigurable antennas is
extended to 5G mm-Wave frequency bands.
As shown in Chapter 3, a 180° beam switching antenna was designed
at 2.4 GHz WLAN frequency using a back-to-back patch antenna
structure [107]. A similar design perspective was considered in the
millimetre band. A 2 × 2 patch array was designed at 24 GHz with a
realised gain of 14.2 dBi [108]. However, as discussed, the via inductance
in the low-frequency design would result in non-mirrored differences in
S11 for two switching states. Therefore, the idea of back-to-back patch
array at the mm-Wave band was abandoned. A Yagi-Uda antenna array is
designed to compare with the patch array with regard to gain on the same
substrate.
A pattern reconfigurable Yagi-Uda antenna was researched using
SPDT micro-electromechanical system (MEMS) switches [14].
Two
quasi-Yagi antenna elements in opposite directions were monolithically
integrated on a quartz substrate. Electrical beam steering was achieved
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using capacitive MEMS SPDT switches in the antenna feed. A gain of
4.6 dBi, an HPBW of 82° with a front-to-back ratio of 14 dB at 20 GHz was
achieved when one of the switches was on.
A frequency reconfigurable antenna presented in [109] used two PIN
diodes in one arm to divide the antenna’s electronic length in three,
realising reconfigurable frequencies in X-band, Ku-band, and Ka-band. A
DC block (insertion loss of 0.8 dB [110]) was used to connect the antenna
port and the RF source. However, the realised gain in Ka-band was not
reported in the paper. In this chapter, the proposed power supply circuit
contains the DC block integrated as a filter in the design. A PIN diode
SPDT circuit is researched based on the filter integrated Vivaldi antenna in
Chapter 5.
A printed Yagi-Uda antenna with directors was designed in [111]. The
optimisation concluded that adding the number of directors resulted in a
non-linearly increment of gain. In conclusion, the number of the directors
should be between 7 - 10 to reach the "point of diminishing returns".
In this chapter, the single Yagi-Uda antenna is demonstrated followed
by the circuit design and the Yagi-Uda array is presented and measured.
The optimisation of the Yagi-Uda director is carried out. The realised gain
when using the PIN diode is compared with the MEMS switch solution.

6.2. Single Antenna Element Design
As shown in Figure 6.1, the printed Yagi-Uda antenna was built on
the Rogers® 5870 substrate with a thickness of 0.25 mm and a dielectric of
ε r = 2.33. Two coupled patch elements and a resonant reflector were
introduced to increase the gain which will be discussed later.
The antenna contains two mirrored arms; one arm was connected
using a via from the front horizontal strip (L_hori) to the source feed. Two
baluns and a small ground plane were used to connect to the microstrip
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ground plane leaving some space for the subsequent PIN diode circuit
design. The advantage of this balun with via hole design was that the
radiation pattern was not tilted, which was better than the regular
two-sided symmetrical dipole antenna. Detailed dimensions are presented
in Figure 6.1 and Table 6.1.

(a) Yagi-Uda with the coupled
patch elements

(b) Yagi-Uda with resonant
reflectors

Figure 6.1. Single Yagi-Uda antenna designs

Table 6.1. Dimensions of the single antenna design
Unit = mm

Length Value

Unit = mm

L_arm

4.8

W_arm

0.65

L_hori

2.21

radius of via

0.25

L_smallground

3.8

L_balun

0.9

H_smallground

1.1

W_balun

1.4

W_director

Length Value
0.5
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Figure 6.2. Detailed dimensions of the Yagi

6.3. Single Antenna Gain Optimisation
6.3.1. Antenna Directors
The directors were added with equal spacing of 0.6 mm (0.135λ), and
the substrate length was increased with the increments to the number of
the directors. The optimum number of directors was studied with the
reflector design presented in Figure 6.3. Increasing the number of
directors from 3 to 10 resulted in the main lobe gain changes from 7.67 to
9.42 dBi (∆ = 1.5 dB). Equal length of the directors had a slightly higher
gain (0.3 dB) than the decreasing the length of the directors as compared
in the simulation. Considered the total length added by the directors to
the substrate, the "point of diminishing returns" at N = 10 was selected.
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Figure 6.3. Realised gain vs the number of directors

6.3.2. Antenna Resonant Reflector and Coupled Patches
The realised gain comparison with and without the coupled patch
elements was reported in Figure 6.4; the 10 directors model was used for
this comparison. The maximum realised gain in E-plane of the antenna
with and without the coupled patch was 8.46 dBi and 8.13 dBi,
respectively, and the HPBWs were 41° for both situations. The surface
current showed that the current on the coupled patch was the same as the
ground plane on the rear side, thus provides extra gain. The reflector
design offered a 9.42 dBi realised gain, which was optimised below.
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Figure 6.4. Realised gain comparison with and without the coupled patch

The reflector spacing behind the driven element had a "diminishing
returns" between 0.15 λ to 0.25 λ [2]. A ground plane slot was removed
for the reflector. However, due to the design in Figure 6.5, the reflector,
in this case, could only be placed in the ground plane slot from 3.15 5.5 mm (0.315 - 0.7 λ) apart from the antenna arm. The reflector spacing
from the arm ls and the reflector length lr was swept, and the realised gain
results are shown in Table 6.2. The width of the reflector was 1 mm. The
optimum length of the reflector was Ls = 1.1λ. The reflector spacing ls
increased from 0.469 to 0.543 λ; while the maximum realised gain was the
same, a larger side lobe (∆ = 0.5 dB) in H-plane was observed. Therefore,
Ls = 0.469λ was selected after the optimisation.
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Figure 6.5. Rear view of the Yagi-Uda antenna with resonant reflector

Table 6.2. Parametric studies on reflector spacing ls and the reflector length lr

Maximum Realised
Gain (dBi)
(With 10 directors)

lr

7.2 mm
0.9 λ
8 mm
1.0 λ
8.8 mm
1.1 λ
9.6 mm
1.2 λ

3.15 mm
0.393 λ

3.45 mm
0.431 λ

ls
3.75 mm
0.469 λ

3.65

2.92

2.24

0.83

-1.05

8.93

9.03

9.15

9.17

8.97

9.22

9.31

9.42

9.42

9.42

9.05

9.10

9.11

9.06

8.96

4.05 mm
0.506 λ

4.35 mm
0.543 λ

The dual antenna array using the coupled patch approach was
designed for experiment, shown in Figure 6.6a. One patch was placed
between the dual Yagi-Uda antenna elements due to the spacing; the
results were shown in Figure 6.6b and 6.6c. The S11 changed due to the
coupling effect of the middle patch element, and an undesirable frequency
response at 35 GHz was observed. Therefore, this design approach was
only valid for a single antenna design.
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(a) Dual element Yagi-Uda design

(c) Pattern simulation for dual
(b) S11 comparison with single and
element Yagi-Uda with the coupled
dual element design
patch at θ = 90°
Figure 6.6. Dual element Yagi-Uda with coupled patches
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6.4. Switch Circuit Design

(a) Series PIN diode circuit design

(b) Using the coupled line to
replace the serial capacitor

Figure 6.7. PIN diode design approaches

As discussed in the previous chapters, the UHF PIN diode circuit is
presented in Figure 6.7a, R1 is used as a current limiter, C1 , C2 are the DC
blocking capacitors and L1 , L2 are RF chokes. Comparing Figure (b) to (a),
C1 , C2 are replaced using coupling microstrip and L1 , L2 are replaced with
RF chokes made by the microstrip lines. Reducing the component count
minimises the self-resonance effect from lumped components. Also, at
higher frequencies, the required wavelength of a microstrip line is shorter
and can be competitive with the lumped component size. Therefore, the
use of microstrip lines is a better solution for 5G mm-Wave bands.
Coupled line filters with the Vivaldi antenna design had set the
foundation of the circuit, the filter with PIN diode design was presented
in Figure 6.8. A Marcom MADP-000907-14020x PIN diode [112] (marked
black) was used in this frequency. The RF signal from the source passes an
impedance matching strip with a shunt matching stub to the coupled line
structure. The RF signal was blocked from getting into the DC circuit by
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the quarter-wave butterfly stub filter. Through the PIN diode, the second
RF choke structure was used for V-. The Signal coupled to the upper
microstrip line, through a shunt matching stub followed by a matching
network, it was connected to the antenna feed. For the DC path, a
30 Ω resistor in series was used for the current limitation in the DC
circuit, power through the PIN diode, DC signal goes to V-.

Figure 6.8. PIN diode circuit design with dimensions

The PIN diode was replaced by a short microstrip line, and the
S-parameter simulation of the filter behaviour was presented in Figure 6.9.
This filter with PIN diode circuit offered a −3 dB working bandwidth
from 20.9 GHz to 24 GHz (7%) with a simulated insertion loss of 0.2 dB.
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Figure 6.9. PIN diode circuit S-parameter results

The PIN diode circuit was symmetrically mirrored to build a
single-pole-double-throw (SPDT) with the purpose to switch between two
opposite positioned Yagi-Uda antenna to realise a 180° beam switching
antenna as designed in Figure 6.10a. The prototype was shown in
Figure 6.10b. For descriptive purposes, the Right case was active when the
right Yagi-Uda was switched on and the left Yagi-Uda was switched off,
and vice versa for the Left case. The system was designed with only one
side of the PIN diode was switched on to realise the 180° beam switching.
It should be noted that Lm was the length from the centre point to the
left PIN diode position. Consider Right case, for example, the left PIN
diode is off, in other words, high isolation at the left PIN diode position.
The antenna can be considered the right Yagi-Uda antenna element with
the filter circuit connected to the SMK connector with a shunt stub length
of Lm . Therefore, a T network was required for impedance matching and
the length of Lm was optimised at Lm = λ.
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(a) Single Yagi-Uda with switching circuit

(b) Antenna prototype front and rear view
Figure 6.10. Single Yagi-Uda antenna prototype

The purpose of this iteration was to test the PIN diode switch circuit.
Due to the manufacturing techniques, the left antenna feed was curved.
Therefore, in this comparison, the Right case was still valid and could
be used to compare with the simulation. The S11 results were compared in
Figure 6.11. As can be seen in the simulation, a second resonance at 28 GHz
was eliminated. As both the antenna and filter circuit were designed at
23 GHz, the disagreement at 28 GHz simulation could only happen because
of the simulated PIN isolation at 28 GHz was incorrect. Therefore, the
original design for 5G application at 28 GHz was changed to a slightly
lower frequency using this PIN diode, later development for 28 GHz can
be done with other PIN diodes. For the Right case, the bandwidth of the
measured result was from 22.4 to 24.3 GHz and the simulated bandwidth
was from 22.7 to 24.3 GHz. The frequency response close to −10 dB at
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23.5 GHz was caused by the packaging of this PIN diode. A small value of
capacitance was added into the simulation model of the PIN diode, better
agreement was observed in the later simulation.

Figure 6.11. Single Yagi-Uda antenna S11 comparison

The radiation pattern in the Right case was compared in Figure 6.12.
The measured and simulated maximum realised gain was 6.52 and
6.48 dBi in the H-plane and 6.51 and 6.48 dBi in the E-plane, respectively.
The measured and simulated HPBW was 55° and 60° in the H-plane and
35° and 28° in the E-plane, respectively.
The measured pattern shape and the maximum realised gain was
close to the simulation; it can be concluded that the PIN diode insertion
loss when on and isolation when off works as expected at 23 GHz. Both
the S-parameter results and the radiation patterns prove that the PIN
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diode simulation model was correct at below 24 GHz and can be used for
the antenna array design.

(a) Right case E-plane

(b) Right case H-plane
Figure 6.12. Single Yagi-Uda antenna pattern comparison
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6.5. Pattern Reconfigurable Antenna Array with
Four-Elements
The antenna reflector approach discussed above was used to design a
4 × 1 antenna array on each side of the substrate to realise a pattern
reconfigurable antenna array in Figure 6.13. The antenna element was
placed 10.75 mm (1.35 λ) apart from each other, leaving the space for the
reflectors and ground plane slot. This design was built on the same
substrate Rogers® 5870 with the thickness of 0.25 mm and dielectric of
ε r = 2.33. The layout was centre mirrored to minimise any undesired side
lobe. The same PIN diode circuit layout was used to connect to an
impedance matching network to the four antenna elements.
The
prototyped Yagi-Uda antenna array with PIN diode circuits was presented
in Figure 6.14. The S11 comparison was shown in Figure 6.15.

Figure 6.13. Antenna array design
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(a) Front view

(b) Rear view

Figure 6.14. Final prototyped Yagi-Uda antenna array

Figure 6.15. Antenna array simulated and measured S11

The simulated two cases maintain similar simulation results as
expected. The response at 26.5 GHz in the simulation was eliminated in
the measurement result. The measured −10 dB impedance was 23 -
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24.7 GHz (7.1%) in the Right case and 23.08 - 24.9 GHz (7.6%) in the Left
case. The measured results shift 0.5 GHz compared to the simulation due
to the manufacture tolerance. The measured S11 in two switching cases
were similar to each other as expected.
The measured radiation patterns were shown in Figure 6.16, 6.17, 6.18
and 6.19 with a summary in Table 6.3.
A 180° switched radiation pattern was achieved. The measured peak
gain directions corresponded with the simulation with a 1.2 dB average
differences in the maximum realised gain. The measured half-power
beamwidth (HPBW) in the H-and E-planes was 48° and 13.7°, respectively.
Front-to-back ratio measured were 15.5 dB and 20.5 dB for the Right and
Left cases respectfully. The total efficiency was compared with one side of
the PIN diode ON and ideal copper strip in the simulation. The total
efficiencies at the centre frequency were 67.9% and 77.6%, respectively. In
other words, an efficiency drop of 9.7% was observed for placing the PIN
diodes in the antenna feed (the mismatch caused by the copper strip
should be considered).
Table 6.3. Summary of the radiation pattern in two cases

State /
Cut Angle

Frequency
= 24 GHz

Peak gain
direction (°)

Realised gain
(dBi)

HPBW(°)

Right H-plane

Simulation
Measurement

90
90

11.9
10.5

48
50

Right E-plane

Simulation
Measurement

90
90

11.9
10.2

13.7
15

Left H-plane

Simulation
Measurement

270
270

11.6
10.9

45.2
57

Left E-plane

Simulation
Measurement

270
270

11.6
10.4

13.6
15
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Figure 6.16. Right case in the H-plane

Figure 6.17. Left case in the H-plane
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Figure 6.18. Right case in the E-plane

Figure 6.19. Left case in the E-plane
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6.6. Comparison to Related Designs
A tunable varactor BPF design with a 2.4 dB insertion loss and a 9.2%
fractional bandwidth was reported at 1.3 GHz [113]. The published
comparison table has shown that an insertion loss of 2.4 dB is promising
using varactor diodes. A PIN diode frequency reconfigurable filter design
was reported with an insertion loss of 1.9 dB at 10 GHz [114]. It used 4
PIN diodes with a coupled line structure to achieve frequency switching
from 9 GHz to 11 GHz. However, the return loss among those states are
from -10 to -20 dB. This proposed PIN diode circuit with coupled line BPF
offers a fractional bandwidth of 7% with a 2.4 dB measured insertion loss,
the return loss of this design is -30 dB (at least 10 dB better). A
commercial DC block [110] has 0.8 dB insertion loss and a commercial
BPF at 28 GHz with similar size [115] reported a 1.5 dB insertion loss,
however, it doesn’t contain the combined feature of switching and DC
blocking compare to presented work.
In [116], 360° coverage was achieved using four 12-elements
microstrip patch arrays placed on a 3D-shaped PCB. One of the
drawbacks was that limited to the microstrip patch pattern direction, the
design proposed a folded solution using microstrip patches. In general,
using end-fire antenna design can achieve the similar coverage on a planar
PCB (i.e 4 Yagi-Uda arrays or 4 Vivaldi arrays). A Yagi-Uda antenna
array [117] was presented with an HPBW of 12° in the azimuth plane and
90° in the elevation plane with 15.1 dBi for the Yagi-Uda 8-antenna array.
Compared to this work, 11.9 dBi realised gain (∆ = 3.2 dB) achieved using
4 Yagi-Uda array elements is reasonable.
A pattern reconfigurable Yagi-Uda antenna [14] was researched at
20 GHz using SPDT MEMS switches. With similar layout of two antenna
elements facing the opposite direction, a 180° switched radiation pattern
was achieved with a front-to-back ratio of 14 dB, an HPBW of 82° and a
gain of 4.6 dBi. Compare with the single Yagi-Uda design, this work offers
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2 dB higher gain and 22° smaller HPBW with similar front-to-back ratio.
As a proof-of-concept, the drawback of the presented work is obviously
large in size, it can be improved with compact designs and PCB
manufacture techniques. The filter design section size can be reduced
using integrated chips. In Figure 6.20, the ECCs for the single Yagi-Uda

Figure 6.20. Envelope correlation coefficient

design and 4-Yagi array is 0.0006 and 0.004 at 23.3 GHz, respectively. It
should be noted that, in contrast to a MIMO system, the radiation patterns
for the Left and Right cases were not operating simultaneously. The
rotational symmetric design was used for single Yagi-Uda antenna, the
realised gain pattern was tilted for ±5° in the H-plane for two switching
cases, results in the ECC lower than that in the 4-Yagi-Uda array design.
Compare to the 2.4 GHz back-to-back microstrip patch design in
Chapter 3, both works present good ECC results. The ECC presented in
Figure 3.18 is smaller than this 4-Yagi array work, as the ground plane in
the three-layer structure offers better isolation and better front-to-back
ratio by 3 dB, therefore the ECC of the back-to-back microstrip patch
design is smaller than this work.
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6.7. Summary
In this chapter, a pattern reconfigurable Yagi-Uda antenna was
studied at 24 GHz. Two approaches to designing the single Yagi-Uda
element were examined. A parametric study was carried out for antenna
realised gain optimisation. In the final design, a four-element antenna
array was prototyped using the mirrored layout and reflector design for
better performance.
A 180° switched angle in the H-plane was measured between two
states to address a need for spatial diversity patterns. The mirrored design
ensures a similar radiation performance for both states. The measured
frequency responses show good agreement with simulation for both
states. This antenna reaches a maximum switched pattern diversity and in
providing consistent frequency control for both states.
The single Yagi-Uda antenna had a maximum realised gain of
9.42 dBi simulated without the SMK connector. The simulated maximum
realised gain of the 4-element Yagi-Uda array with the quarter-wave
matching network was 14.3 dBi. The final simulated realised gain of the
system with the SPDT circuit was 11.9 dBi. The switching circuit placed in
the antenna feed, including the filter/DC blocks and the SMK connector,
contributed an average of 2.4 dB insertion loss. The proposed PIN diode
switch circuit integrated with the filter section is proved to be a sufficient
design to combine the DC block in the coupled line filter. It fills in the
blanks of pattern reconfigurable design using the PIN diode circuit at the
mm-Wave band.
The proposed design proves that it is possible to design the
reconfigurable antenna at the prospective 5G frequency band. It provides
the solution to future Ka-band designs with promising insertion loss and
high level of integration. The suggested application is for 5G mobile
applications (or mobile cases for signal enhancement) with the
miniaturised circuit.
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7.1. Research Summary
This research focuses on the design of pattern reconfigurable
antennas and the associated circuitry.
The proposed pattern
reconfigurable antenna designs benefit from advantages such as
maximum pattern diversity and optimum switching circuits to realise 5G
reconfigurable antennas. Compared to the MIMO based solutions, the
pattern reconfiguration approach consumes less power and fewer channel
resources, which allows an energy-efficient solution for integrated
low-cost IoT/ sensing applications.
The back-to-back microstrip antenna offered a switched 180° radiation
pattern using a sandwiched structure with SPDT circuit at 2.4 GHz. This
antenna provided the maximum switched angle that can be achieved in
one plane. The design exploited the mirrored structure with cross-layer
circuit designs to guarantee the same bandwidth and realised gain
performance.
The reconfigurability covered the drawback of patch
antennas only radiating in the broadside direction. In this design, a
multilayer switching circuit was investigated, the influence of adding the
switching circuit to the antenna feed was studied. It provided the
possibility to use microstrip antennas for WLAN applications with
improved data capacity and energy savings.
A low profile PIFA antenna with the orthogonal radiation patterns

118

7. Conclusions and Future Developments

was designed at 2.4 GHz. The printed antenna was capable of switching
both the pattern and polarisation across the full bandwidth, using only
one PIN diode. The design provided reasonable gain in regard to the
antenna size with maximum spatial diversity.
The fully rotational
symmetric layout for the key parameter was researched to ensure the
orthogonal pattern diversity. Constant orthogonal radiation performance
was obtained across the whole impedance bandwidth. The study showed
the PIN diode circuit placed in the ground minimised the insertion loss of
the circuit. When the PIN diode is used to connect a strip to the antenna
ground, particularly for monopole antennas, the DC block and RF choke
at the RF output side of the PIN diode can be omitted.
The back-to-back microstrip antenna and the low profile PIFA
antennas at 2.4 GHz realised the maximum switched spatial diversity in
2D and 3D, respectively. Studies carried out proved that the microstrip
and monopole antenna were sufficient to integrate with PIN diode circuits
at 2.4 GHz and contribute to the later research in the mm-Wave band.
The dual-stub structure of the Vivaldi antenna improved the gain and
directivity. A dual-stub fed Vivaldi antenna with a parasitic element in the
throat flare was proposed. The reported antenna provided greater
coupling to the tapered slots achieving a gain of 10.2 dBi. The study on
the edge slits provided the option to configure the antenna HPBW from
30° to 47°. Optimisation of the parasitic element shape offered another
0.5 dB gain increment. The proposed dual stub structure is competitive
with the double slot structure with regard to gain performance. The
bandpass filter section was optimised for best insertion loss.
The
integrated design provides the insight for antenna-filter integration in the
mm-Wave band.
Based on the antenna-filter integration study, a pattern reconfigurable
Yagi-Uda antenna array was designed in the mm-Wave band. The printed
antenna offered a switched 180° pattern with consistent frequency
performance in both switching states. The number of directors used was
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optimised with consideration of the total antenna size. The mirrored
structure was found to be better for oppositely-directed pattern
reconfiguration and was used in the Yagi-Uda layout.
This design was the first to employ PIN diodes in pattern
reconfigurable designs in the mm-Wave band. The proposed circuit
design reduced the components used in the mm-Wave band and could be
used for other Ka-band research. All pattern reconfigurable antenna
designs contribute to a better understanding of integrated antenna
designs in the reconfigurable antenna application.

7.2. Conclusions
The DC and RF path isolation in reconfigurable antenna designs is a
vital consideration and the DC and RF path should be considered
simultaneously. Integrated DC blocking circuits provided lower insertion
loss than other DC blocks on the market. The proposed method of
combing the coupling filter circuit as a DC block offered an optimum
solution for mm-Wave bands not only for PIN diodes but for other active
components.
The use of PIN diodes was shown to be a suitable method to achieve
antenna reconfiguration. The associated antenna circuitries were vary
from each design for better integration and matched impedance purpose.
With a comprehensive understanding of the antenna design, the position
of the matching or filtering integrated circuit was optimised to minimise
the insertion loss. The insertion loss of introducing the PIN diode,
particularly placed in the antenna feed, results in a drop in the total
efficiency, which is a side effect of using PIN diodes for antenna
reconfiguration. For monopole antenna designs, the switch circuit benefits
from connecting the switched antenna component to the ground plane.
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The insertion loss of the switching circuit is avoided to the greatest extent,
if placed in the antenna ground.
For pattern reconfigurable antenna designs, it is important to
maintain the same frequency/bandwidth/radiation properties between
switching states. The mirrored layout is essential for oppositely-directed
pattern reconfigurable antenna designs, while a rotationally symmetric
layout is used for orthogonal spatial diversity antenna reconfiguration.
Extremely low ECC results were obtained for the various designs at
2.4 GHz and in the mm-Wave band. Microstrip patch antennas, printed
inverted-F and Yagi-Uda antennas were proven to be suitable for
reconfigurable antenna designs integrated with PIN diode circuits. A
Vivaldi antenna with a bandpass filter was researched for frequency
selective properties.

7.3. Future Work
Regarding the SPDT diode switch function, the optimum antenna
performance is provided only when one diode is ON, because the antenna
S11 is mismatched with the impedance of 25 Ω when both diodes are ON.
Continued research should focus on the impedance matching correction
which would add a third state (Both PIN diodes ON) to the current
two-state design. This extra state is the all states ON option, which would
add a sensing/scanning function to the system for the ambient
enviroment radio link.
In future work, the limited bandwidth of the integrated PIN diode
circuits can be researched. Based on the research in Chapter 5, the Vivaldi
antenna integrated filter can be developed with certain switches to
establish UWB pattern configurable antenna designs. The bandwidth
enhancement, PIN diode linearity and constraints on the UWB
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performance can be researched. Also, methods to mitigate the Vivaldi
beam squint across frequency should be investigated.
Most of the presented work reported pattern reconfiguration using
two switching states. Going forwards, 4- or 6-directional antennas (Vivaldi
or Yagi-Uda) could be employed to cover full spherical diversity using
PIN diode switches at 2.4 GHz and the mm-Wave band.
The up-to-date IEEE 802.11ay standard following the IEEE 802.11ad
focuses on frequencies of 60 GHz in WLAN applications with an
8.64 GHz bandwidth [118]. The PIN diode DC circuit design could be
used in 60 GHz band for these applications.
The proposed antennas are based on advanced semiconductor
designs. During the research, it was found that introducing the switch in
the antenna feed network resulted in a decrease in gain and efficiency. For
lower frequencies, this performance reduction could be mitigated by
optimising the PIN diode position with connection to the ground plane.
In which case, the PIN diode ON state means short to the ground state,
the leakage to the RF path equals to the insertion loss of the PIN diode
which needs to be improved for future research.
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